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PREFACE 

This  report  presents  the  results  of  a  program  conducted  by 
Southwest  Research  Institute  for  the  Eustis  Directorate,  U.S.  Army 
An-  Mobility  Research  and  Development  Laboratory,  under  Contract 
DAAJ02-70-C-0071.  The  USAAM  RDL  technical  direction  was  pro¬ 
vided  by  Mr.  R.  Givens. 

The  work  described  herein  was  performed  with  Southwest 
Research  Institute  as  the  prime  contractor  and  Bell  Helicopter 
Company  as  the  subcontractor.  SwRI  had  overall  responsibility  in 
the  administration  of  the  program,  in  addition  to  the  development  of 
the  gear  scoring  predictive  technique,  the  performance  of  sliding- 
rolling  disk  tests,  and  the  analyses  of  all  disk-test  and  gear-test 
results.  BHC  was  responsible  for  the  manufacture  of  all  test  disks 
and  test  gears,  as  well  as  gear  testing. 

In  addition  to  the  above  gear  tests,  valuable  spur  gear  test 
results  were  made  available  tr  this  program  by  Mr.  P.  Lynwander, 
Chairman,  Tribology  Division,  Aerospace  Gearing  Committee, 
American  Gear  Manufacturers  Association.  These  test  results  were 
utilized  in  the  formulation  of  the  gear  scoring  predictive  methodology. 

Active  participants  of  this  program  inrluded  P.  M.  Ku  (principal 
investigator),  H.  E.  Staph,  H.  J.  Carper,  D.  M.  Deffenbaugh,  and 
H.  Haufler  of  SwRI;  C.  E.  Braddock,  R.  Battles,  and  R.  T.  Jenkins  of 
BHC;  as  well  as  other  supporting  personnel  of  the  two  organizations. 
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CHAPTER  I 
INTRODUCTION 


The  investigation  reported  herein  had  as  its  basic  objective  the 
development  of  an  improved  methodology  for  predicting  the  power- 
transmitting  capacity  of  gears  as  limited  by  gear-tooth  scoring,  with 
special  reference  to  aircraft  power  gears.  The  gear  types  of  interest 
included  spur  gears,  straight  helical  gears,  and  spiral  bevel  gears. 
The  gear  material  selected  for  study  was  carburized  vacuum-melt 
AISI  9310  steel.  The  lubricants  were  MIL-L-7808  and  MIL-L-23699 
synthetic  lubricants,  with  emphasis  on  a  MIL-L-7808G  lubricant. 

In  order  to  accomplish  the  above  objective,  pertinent  informa¬ 
tion  in  the  literature  was  reviewed  and  made  use  of  where  deemed  ap¬ 
plicable;  controlled  sliding -rolling  disk  tests  were  performed  and  their 
results  analyzed  and  generalized  to  provide  the  basic  inputs  to  the  pre¬ 
dictive  scheme;  computer  programs  were  written  for  predicting  the 
scoring-limited  power-transmitting  capacity  of  spur,  helical,  and  spi¬ 
ral  bevel  gears;  and  full-scale  gear  tests  were  conducted  to  test  the 
validity  of  the  computer  predictions. 

Aircraft  power  gears  should  ideally  be  designed  to  give  maxi¬ 
mum  power -transmitting  capacity  per  unit  Bize  and  weight,  and  at  the 
same  time  possess  a  high  degree  of  operating  reliability.  Obviously, 
it  is  not  possible  to  assess  operating  reliability  and  hence  the  maxi¬ 
mum  permissible  power-transmitting  capacity  of  gears  as  limited  by 
all  possible  modes  of  failure  without  considering  the  nature  of  these 
failure  modes  and  their  respective  impact  on  gear  performance.  A 
comprehensive  gear  failure  analysis  of  this  character  is  not  only 
beyond  the  scope  of  this  investigation,  but  also  impossible  to  accom¬ 
plish  in  many  respects.  However,  in  order  to  provide  some  perspec¬ 
tive  to  the  overall  problem,  a  brief  qualitative  discussion  of  the  major 
gear-tooth  failure  modes  and  their  effects  will  be  given  in  the  next 
chapter.  It  suffices  to  state  at  this  juncture  that  gear  teeth  may  fail 
basically  by  either  strength- related  or  lubrication -related  causes. 
However,  many  strength- related  failures  are  influenced  by  lubrication 
or  can  be  induced  by  lubrication-related  failures.  The  importance  of 
lubrication  to  gear  performance  is  thus  abundantly  clear. 

The  current  investigation  is  concerned  with  gear-tooth  scoring, 
which  is  one  particular  mode  of  lubrication- related  gear  failure.  In 
contrast  to  the  other  modes  of  lubrication- related  gear  failure  which 
generally  take  time  to  develop  or  reach  destructive  magnitude,  scoring 
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occurs  quite  precipitously  and  is  therefore  the  most  urgent  one  con¬ 
fronting  the  designer.  Obviously,  as  long  as  scoring  cannot  be  over¬ 
come,  all  tiine-dependent  modes  of  gear  failure  are  essentially 
academic.  In  other  words,  with  gears  that  are  adequately  designed 
and  manufactured  strengthwise,  scoring  is  the  first  performance 
barrier  that  must  be  crossed.  It  is  only  after  scoring  can  assuredly 
be  controlled  that  the  other  failure  modes  become  truly  relevant. 

As  will  be  seen  later,  the  existing  technology  of  gear  design  is 
such  that  the  risk  of  strength- related  failures  can  be  quantitatively 
assessed  with  some  confidence,  especially  for  gears  of  relatively 
simple  geometry  operating  under  conditions  such  that  misalignment 
and  dynamic  effects  are  not  large.  However,  the  same  cannot  be  said 
of  all  lubrici tion-related  failures  due  to  the  enormous  complexity  of 
the  phenomena  involved.  This  investigation  emphasizes  the  scoring 
problem.  Assuming  that  a  scoring  criterion  can  be  established  and 
quantitatively  related  to  gear  performance,  then  the  next  logical  step 
will  be  the  development  of  criteria  for  quantitative  assessment  of  the 
effects  of  the  other  lubrication- related  failures,  as  well  as  further 
refinements  in  handling  the  strength- related  failures  particularly  for 
the  complex  gear  types  and  the  subtle  influence  of  gear  mechanics  on 
lubrication.  Unfortunately,  all  such  information  is  not  yet  at  hand; 
hence  meaningful  optimization  of  gear  design  is  now  not  possible. 

In  view  of  the  overwhelming  importance  of  scoring,  it  is  under¬ 
standable  that  the  gear  designer's  concern,  other  than  the  strength 
considerations,  has  so  far  been  directed  primarily  toward  the  avoid¬ 
ance  of  scoring  almost  at  any  cost.  In  this  connection,  it  is  well  to 
emphasize  the  difference  between  the  avoidance  of  scoring  and  the 
quantitative  prediction  of  scoring  in  the  design  stage.  Thanks  to 
decades  of  efforts  on  the  part  of  many  workers,  the  existing  gear  de¬ 
sign  technology  is  such  that  although  the  onset  of  scoring  cannot  yet 
be  predicted  accurately,  nevertheless  enough  is  known  in  a  general 
way  to  avoid  scoring  by  design  without  regard  to  the  price  ic  be  paid. 
The  advancement  that  is  being  sought  in  this  program  is  to  be  able  to 
predict  scoring  in  the  design  stage  and  estimate  the  scoring-limited 
power-transmitting  capacity.  It  is  a  far  more  difficult  task  than  mere 
avoidance  of  scoring  without  inquiring  as  to  what  penalties  are  thereby 
entailed. 

The  program  was  essentially  in  the  nature  of  engineering  appli¬ 
cation,  and  as  such  no  serious  effort  has  been  made  to  delve  into  the 
basic  mechanism  of  scoring.  Nevertheless,  tangible  progress  is 
believed  to  have  been  made  in  the  phenomenological  sense  to  provide  a 


12 


methodology  for  predicting  the  scoring -limiting  power-transmitting 
capacity  of  gears.  As  outlined  in  Chapter  VII,  the  basic  procedure 
involves  first  the  prediction  of  the  ideal  scoring -limited  power- 
transmitting  capacity  of  a  gear  set,  assuming  perfect  tooth  alignment 
and  no  dynamic  tooth  load.  The  probable,  actual  scoring-limited 
power-transmitting  capacity  is  then  deduced  from  the  ideal  scoring- 
limited  power-transmitting  capacity  by  applying  corrections  for  the 
misalignment  and  dynamic  effects. 

As  will  be  shown  in  Chapter  VII,  the  prediction  of  the  ideal 
scoring -limited  power-transmitting  capacity  requires  the  use  of  certain 
numerical  coefficients,  and  the  prediction  of  the  actual  scoring-limited 
power-transmitting  capacity  further  requires  quantitative  estimates  of 
the  misalignment  and  dynamic  correction  factors.  Tentative  values  for 
these  coefficients  and  correction  factors  were  derived  from  the  results 
of  the  sliding- rolling  disk  tests  performed  under  this  program,  supple¬ 
mented  by  several  sets  of  full-scale  spur  gear  test  results  made  avail¬ 
able  by  the  Aerospace  Gearing  Committee  of  the  American  Gear  Manu¬ 
facturers  Association.  It  is  realized  that  these  coefficients  and 
correction  factors  are  subject  to  refinements  as  additional  disk  and 
gear  test  results  become  available.  Nevertheless,  using  the  tentative 
values  thus  far  developed,  predictions  were  made  for  the  full-scale 
gear  tests  performed  under  this  program.  As  will  be  seen  in  Chapter 
VIII,  the  predicted  scoring-limited  power-transmitting  capacities  were 
within  10  percent  of  the  statistically  deduced  test  results  from  two 
series  of  tests  on  spur  gears  and  one  series  of  tests  on  spiral  bevel 
gears.  Helical  gears  were  not  tested  in  this  program,  due  to  dif¬ 
ficulties  encountered  by  the  subcontractor  in  the  scheduling  of  gear 
manufacturing  and  testing. 

The  investigation  has  brought  out  certain  fundamental  issues 
related  to  gear  lubrication  and  gear  mechanics,  the  resolution  of  which 
is  believed  to  be  essential  before  gear  design,  performance  prediction, 
and  performance  optimization  can  be  put  on  a  truly  rational  basis. 

These  problems  are  discussed  in  Chapter  IX. 
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CHAPTER  II 

GEAR-TOOTH  FAILURE  AND  LUBRICATION 


A.  Major  Modes  of  Gear-Tooth  Failure 

Since  this  investigation  is  concerned  with  gear  design  and  per¬ 
formance  analysis,  the  nomenclature  and  symbols  employed  herein 
follow  generally  those  adopted  by  the  American  Gear  Manufacturers  • 

Association.^  “6  However,  departures  from  the  AGMA  practice  are 
made  in  several  instances  for  the  sake  of  clarity,  as  evident  from  the 
List  of  Symbols  presented  at  the  end  of  the  report. 

AGMA  cites  21  modes  of  gear-tooth  failure, 2  divided  into  four 
broad  categories  of  wear,  surface  fatigue,  plastic  flow,  and  breakage. 

For  the  purpose  of  the  present  discussion,  it  is  convenient  to  classify 
the  major  gear-tooth  failure  modes  as  shown  in  Table  1. 

There  are  two  broad  classes  of  gear-tooth  failures,  namely, 
lubrication-related  failures  and  strength- related  failures.  Major  modes 
of  lubrication -related  failure  are  rubbing  wear,  scoring,  and  pitting. 

Major  modes  of  strength- related  failure  are  plastic  flow  and  breakage. 

Rubbing  wear  is  a  loss  of  metal  by  the  rubbing  action  between 
two  relatively  moving  surfaces,  when  there  is  a  lack  of  an  intact  oil 
film  of  sufficient  thickness  to  separate  the  surfaces. 7,  8  One  form  of 
rubbing  wear  is  adhesive  wear,  caused  by  metal  transfer  due  to  local¬ 
ized  adhesion  or  a  solid-phase  welding  process,  and  subsequent  detach¬ 
ment  of  particles  from  one  or  both  surfaces.  The  other  form  of  rub¬ 
bing  wear  is  abrasive_wear,  caused  by  abrasive  action  between  the 
relatively  moving  surfaces,  or  by  the  presence  of  abrasive  particles 
between  them.  These  particles  may  be  dirt  or  other  solid  contami¬ 
nants,  or  particles  detached  from  the  surfaces  themselves  due  to 
severe  pitting  or  wear. 

Rubbing  wear  takes  time  to  reach  damaging  proportion.  It  is  * 

of  course  harmful  if  severe  and  continued  at  an  undiminishing  rate. 

However,  rubbing  wear  which  diminishes  with  time,  such  as  that  as¬ 
sociated  with  a  break-in  process,  is  not  damaging  but  in  fact  beneficial. 

♦ 

Scoring  (or  scuffing)  is  a  severe  form  of  adhesive  wear,  which 
results  in  rapid  damage  to  one  or  both  surfaces  in  relative  motion.  9,  10 
In  contrast  to  the  other  modes  of  lubrication-related  tooth  failure  which 
generally  take  time  to  develop  or  reach  destructive  magnitude,  scor¬ 
ing  occurs  quite  precipitously  and  is  therefore  the  most  urgent  one 
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TABLE  1.  MAJOR  MODES  OF  GEAR-TOOTH  FAILURE 


Mode 


Basic  cause 


Lubrication- related  failure 


* 

1. 

Rubbing  wear 

Lack  of  an  intact  oil  film  of  sufficient 
thickness. 

a.  Adhesive  wear 

Metal  transfer  by  localized  adhesion, 
and  subsequent  detachment  of  particles. 

b.  Abrasive  wear 

Abrasive  action. 

2. 

Scoring 

Lack  of  intact  oil  film  coupled  with 
intense  localized  frictional  heating. 

3. 

Pitting 

Repeated  surface  stress  cycling. 

Strength- related  failure 

1. 

Plastic  flow 

Surface  deformation  under  heavy  load, 
often  aggravated  by  inadequate  lubri¬ 
cation. 

2. 

Breakage 

Bending  fatigue,  severe  pitting  or 

abrasive  wear. 
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confronting  the  designer.  Obviously,  as  long  as  scoring  cannot  be 
avoided,  all  time -dependent  modes  of  failure  are  essentially  academic. 

In  other  words,  with  gears  that  are  adequately  d  signed  and  manu¬ 
factured  strengthwise,  scoring  is  the  first  performance  barrier  that 
must  be  crossed.  It  is  only  after  scoring  can  assuredly  be  controlled 
that  the  other  failure  modes  become  truly  relevant.  This  accounts  for 
the  enormous  emphasis  to  date  on  gear  scoring  by  researchers  and 
designers  alike.  t 

Since  scoring  is  a  form  of  adhesive  wear,  it  cannot  occur  if  an 
oil  film  of  sufficient  thickness  separates  the  surfaces.  However,  mere 
lack  of  an  intact  oil  film,  while  it  inevitably  leads  to  adhesive  wear,  * 

may  not  cause  scoring.  In  order  for  adhesive  wear  to  advance  to  scor¬ 
ing,  another  necessary  condition  must  be  satisfied.  Although  the  pre¬ 
cise  mechanism  of  scoring  is  at  present  not  yet  understood,  the  con¬ 
census  is  that  it  is  the  result  of  intense,  localized  frictional  heating  at 
the  rubbing  contact  and  is  thus  thermal  in  character. 

Pitting  (or  surface  fatigue)  is  the  consequence  of  repeated  stress 
cycling  of  the  surfaces  beyond  the  metal's  endurance  limit,  which  leads 
to  surface  or  subsurface  cracks  and  eventually  the  detachment  of  frag¬ 
ments  from  and  the  formation  of  pits  on  one  or  both  surfaces.  9-11 
Being  a  fatigue  phenomenon,  pitting  takes  time  to  develop.  However, 
while  rubbing  wear  and  scoring  cannot  take  place  if  an  intact  oil  film 
of  adequate  thickness  separates  the  two  surfaces,  pitting  can  occur 
even  though  it  takes  more  time.  This  is  because  the  presence  of  such 
an  oil  film  merely  modulates  the  intensity  of  the  repeated  surface 
stressing,  but  does  not  eliminate  it  altogether. 

Plastic  flow  is  the  surface  deformation  resulting  from  plastic 
yielding  of  one  or  both  surfaces  in  relative  motion,  usually  associated 
with  heavy  loads  or  high  temperatures.  Although  basically  a  strength- 
related  phenomenon,  it  can  nevertheless  be  influenced  by  lubrication. 

For  example,  high  temperature  which  results  in  a  reduction  of  the 
metal's  yield  strength  may  be  due  to  inadequate  lubrication.  More¬ 
over,  rippling  (a  form  of  plastic  flow)  is  apparently  related  to  a  com¬ 
plex  interaction  between  the  oil  film  and  surfaces.  12 

Breakage  of  a  gear  tooth  is  caused  by  the  bending  stress  im¬ 
posed  on  it  by  the  transmitted  torque.  4-6  Outright  breakage  due  to 
excessive  bending  stress  beyond  the  fracture  strength  of  the  tooth  is 
rather  rare.  A  more  common  form  of  tooth  breakage  is  that  due  to 
bending  fatigue.  Breakage  is  basically  a  strength-related  failure. 

However,  severe  pitting  or  wear  may  so  weaken  the  tooth  (otherwise 
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adequate  for  the  service)  as  to  cause  breakage.  In  this  connection,  a 
lubrication- related  failure  may  lead  to  a  breakage  failure. 

Consideration  of  the  strength- related  modes  of  gear-tooth 
failure  is  beyond  the  scope  of  this  report.  However,  the  subject  is 
well  covered  by  the  standard  treatises. 1  3-1  5  Moreover,  the  AGMA 
Standards  for  rating  the  strength  of  several  gear  types4-6  provide 
tangible,  straightforward,  and  quantitative  guides  to  design,  provided 
the  many  correction  factors  contained  therein  are  selected  with  care. 

In  Chapters  III,  IV,  and  V  which  follow,  the  mechanics  of  spur, 
helical,  and  spiral  bevel  gears  v/ill  be  briefly  discussed,  with  the 
objective  of  providing  a  background  for  assessing  the  risks  of  gear- 
tooth  scoring  as  well  as  the  other  modes  of  lubrication- related  failure. 

It  is  only  necessary  to  emphasize  here  that  although  gear-tooth 
failures  may  be  due  to  either  strength-related  causes  or  lubrication- 
related  causes,  many  strength- related  failures  are  directly  or  in¬ 
directly  influenced  by  lubrication. 

B .  Nature  of  Gear-Tooth  Scoring 

Although  the  basic  mechanism  of  the  scoring  phenomenon  is 
still  largely  not  understood,  there  is  good  agreement  that  the  lack  of 
an  intact  oil  film  between  the  relatively  moving  surfaces  is  only  a 
necessary  but  insufficient  condition  for  scoring. 9,  10»  16-31  other 
words,  in  order  for  scoring  to  occur,  the  operation  not  only  must  move 
into  the  boundary  lubrication  regimef  but  also  must  meet  an  additiora.1 
requirement.  However,  largely  because  the  mechanism  of  scoring  is 
basically  unsettled,  what  form  this  additional  scoring  criterion  must 
take  is  still  very  much  an  open  question.  All  available  evidence  appears 
to  suggest  that  how  deeply  the  operation  may  safely  extend  into  the 
boundary  lubrication  regime  without  resulting  in  scoring  depends  upon 
the  physical  and  chemical  nature  of  the  oil,  the  metal  surface,  and  the 
surrounding  atmosphere,  as  well  as  the  operating  conditions.  More¬ 
over,  if  there  is  a  generalized  scoring  criterion,  the  concensus  is  that 
it  is  thermal  in  character,  i.  e. ,  it  is  the  consequence  of  the  intense 
frictional  heat  generation  at  the  potential  scoring  site. 


*  The  term  "boundary  lubrication"  is  used  herein  to  designate  collec¬ 
tively  the  rather  ill-defined  modes  of  classical  boundary  lubrication, 
mixed  lubrication,  partial-elastohydrodynamic  lubrication,  and  micro' 
elastohydrodynamic  lubrication. 
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Of  the  various  thermal  scoring  criteria  that  have  been  proposed, 
the  most  famous  is  no  doubt  the  critical  temperature  criterion.  ^ 
Other  principal  criteria  include  the  critical  power  intensity  criterion^ 
and  the  critical  power  criterion.  28  These  criteria  have  been  com¬ 
pared,  27- 30 but  the  comparisons  are  basically  inconclusive.  In  short, 
there  is  no  lack  of  data  or  arguments  either  to  support  or  to  refute 
any  of  these  criteria  in  some  way.  However,  from  the  point  of  view 
of  generality,  i.  e. ,  the  potential  of  the  criterion  to  account  for  the 
greatest  number  of  design,  material,  lubricant,  surface,  and  operating 
variables,  it  appears  at  this  time  that  Blok's  critical  temperature 
criterion  is  the  most  promising,  provided  suitable  refinements  are 
added  to  Blok's  original  hypothesis.  Such  refinements  will  be  discussed 
later  in  Chapter  VI  as  applied  to  sliding -rolling  disks  and  in  Chapter  VII 
as  applied  to  gears. 

Critical  Temperature  Hypothesis.  In  a  sliding- rolling  system, 
the  friction  due  to  the  relative  motion  results  in  a  localized,  instan¬ 
taneous  rise  in  the  temperatures  of  the  surfaces  in  the  conjunction 
which,  under  steady-operating  conditions,  establishes  the  quasi-steady 
temperatures  of  the  two  surfaces  and  the  bulk  temperatures  of  the  two 
bodies.  In  most  practical  cases,  the  partition  of  the  frictional  heat 
and  the  general  heat  transfer  conditions  at  the  conjunction  are  such 
that  the  two  surface  temperatures  are  approximately  equal.  32  The 
very  unusual  case  when  this  is  not  so  requires  a  more  elaborate  treat¬ 
ment.  23  However,  such  a  refinement  is  hardly  warranted  at  this  time, 
inasmuch  as  the  basic  mechanism  of  scoring  is,  as  previously  stated, 
still  not  understood. 

Taking  the  two  surface  temperatures  as  being  equal,  then  one 
may  write  for  the  sliding -rolling  system 


Tc  =  Ts  +  AT 


(1) 


where  Tc  =  maximum  instantaneous  surface  temperature  in 
the  conjunction,  °F 

Ts  =  quasi-steady  surface  temperature,  °F  (often 
erroneously  taken  as  the  "bulk  temperature") 


AT  =  maximum  rise  of  instantaneous  surface  temperature 

in  the  conjunction  above  the  quasi-steady  surface  tem¬ 
perature,  *F(also  called  the  "flash  temperature"  by  Blok) 
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Note  that  the  transient  temperature,  Tc,  is  made  up  of  two  com¬ 
ponents:  a  quasi-steady  component,  TSl  and  a  transient  component, 
AT.  Both  of  these  components  are  basically  caused  by  the  frictional 
heat  generation  at  the  conjunction.  Their  principal  difference  is  that 
the  AT  component  arises  almost  instantaneously,  so  practically  no 
heat  loss  can  take  place  in  the  process.  On  the  other  hand,  the  Ts 
component  can  be  influenced  by  the  heat  loss  from  the  conjunction, 
because  it  is  taken  over  a  period  of  time.  28  This  problem  will  be 
considered  further  in  Chapters  VI  and  VII. 

The  basic  premise  of  Blok's  critical  temperature  hypothesis 
is  that  scoring  will  occur  when  Tc  reaches  a  critical  value,  lb,  17  in 
other  words,  the  criterion  for  scoring  is 

Tcr  =  Ts  +  AT  (2) 

where  Tcr  =  critical  temperature,  "F. 

In  Blok's  postulate,  TCr  is  considered  as  a  constant  for  a  given 
metal-oil  combination,  regardless  of  the  surface  and  operating  con¬ 
ditions.  However,  this  has  not  been  found  to  be  quite  true  by  other 
investigators. 24-26,  28-30  The  matter  will  be  considered  in  some 
detail  in  Chapter  VI. 

If  the  critical  temperature  hypothesis  is  accepted,  then  scoring 
prediction  for  a  given  gear  set  becomes  basically  a  problem  of  estab¬ 
lishing  the  proper  value  of  TCr  and  estimating  the  value  of  Ts  for 
various  operating  conditions,  from  which  the  AT  required  to  reach 
scoring  may  be  determined.  Once  this  scoring-limited  AT  is  known, 
the  scoring-limited  power -transmitting  capacity  may  readily  be  com¬ 
puted. 

The  basic  expression  for  computing  the  scoring -limited  power- 
transmitting  capacity  is  Blok's  equation  for  a  steady-operating  sliding- 
rolling  system  with  a  rectangular  conjunction  (the  so-called  "line 
contact"),  such  as  a  system  comprising  a  pair  of  perfectly  aligned, 
straight  cylinders.  19  This  equation  relates  AT  to  the  unit  normal 
load  as  follows: 


AT 


1,11  fw  |/V7  .  fvj  | 
«/»“ 


(3) 
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whe  re  f 


coefficient  of  friction 


w  =  unit  normal  load,  ppi 

Vj,  V2  =  surface  velocities  (absolute)  of  the  two  bodies,  ips 

.  i 

$  =  Blok's  thermal  coefficient,  lb/°  F-in. -sec* 

B  =  width  of  Hertzian  band  in  the  direction  of  motion,  in. 

The  various  quantities  involved  in  Equation  (3)  will  be  discussed 
in  Chapter  VI  for  steady-ope:ating  sliding -rolling  disks.  Application 
to  gears,  which  undergo  transient  operation,  must  consider  the  effect 
of  gear  mechanics  as  given  in  Chapter  VII. 

Note  that  Equation  (3)  applies  strictly  to  a  sliding-rolling  system 
with  a  rectangular  conjunction.  In  case  the  conjunction  is  elliptic  in 
shape,  B  must  be  replaced  by  the  width  of  the  Hertzian  ellipse  and  w  be 
replaced  by  an  "equivalent  unit  normal  load"  such  as  that  proposed  by 
Kelley.  1 8 

C.  Elaatohydrodynamic  Lubrication 

It  follows  from  Section  A  of  this  chapter  that  the  presence  of  an 
intact  oil  film  between  the  surfaces  of  mating  gear  teeth  appears  to  be 
a  desirable  design  goal,  as  it  precludes  rubbing  wear  and  scoring,  and 
minimizes  pitting  danger.  However,  whether  or  not  such  a  design 
goal  is  practical  or  even  achievable  requires  critical  examination. 

When  counterformal  bodies  are  loaded  against  each  other,  their 
surfaces  experience  significant  localized  elastic  deformations.  Elasto- 
hydrodynamic  lubrication  deals  with  the  interaction  between  the  hydro - 
dynamic  action  of  the  lubricant  and  the  localized  elastic  deformations 
of  the  surfaces.  It  basically  explains  why  an  intact  oil  film  may  exist 
under  certain  conditions  between  highly-loaded  counterformal  systems. 

It  has  been  found,  both  analytically  and  experimentally,  33,  34 
that  the  oil  film  thickness  in  an  EHD  conjunction  is  not  uniform.  Ac¬ 
cordingly,  the  oil  film  thickness  of  particular  interest  is  the  minimum 
oil  film  thickness,  because  if  rubbing  contact  were  to  occur,  it  would 
be  apt  to  occur  where  the  oil  film  thickness  is  the  least. 

The  basic  equation  for  the  minimum  oil  film  thickness  in  a 
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rectangular  EHD  conjunction  of  perfectly  smooth  surfaces,  in  a  steady- 
state,  flooded,  and  isothermal  flow,  has  been  given  in  dimensionless 
form  by  Dowson.  34  This  equation  may  be  written  in  conventional 
engineering  units  as  follows: 


m 


=  26.5 


a, 


0.  54 


<M0Vt> 


0.  70„0.  43 


0. 13  *  0.  03 
w  E 


(4) 


where  hm 
tto 

Mo 

Vt 

R 

w 

* 

E 


minimum  oil  film  thickness,  j*in. 

pressure-viscosity  coefficient  of  oil  at  conjunction- 
inlet  temperature  and  near-atmospheric  pressure,  psi“^ 

absolute  viscosity  of  oil  at  conjunction-inlet  temperature 
and  near-atmospheric  pressure,  cp 

sum  velocity,  ips 

equivalent  radius  of  curvature  at  the  conjunction,  in. 
unit  normal  load,  ppi 
equivalent  Young's  modulus,  psi 


The  above  equation  applies  strictly  to  a  sliding -rolling  system 
with  a  rectangular  conjunction,  provided  the  numerous  assumptions 
stated  above  are  met.  In  practical  applications,  the  conjunction  shape 
may  not  be  rectangular,  but  may  be  elliptic  in  shape.  If  the  aspect 
ratio  of  the  ellipse  normal  to  the  motion  is  large  (>  5),  little  error 
results  from  the  rectangular  as  ;umption.  However,  if  the  aspect  ratio 
is  small,  then  the  problem  becomes  more  complex.  In  that  event,  an 
approximate  correction  for  "side  flow  effect,  "  due  to  Cheng, 35  may  be 
used,  provided  all  the  other  assumptions  are  not  substantially  violated. 

Additionally,  the  assumption  of  an  isothermal  flow  process  may 
not  be  approached  in  practice,  due  to  heating  caused  by  the  viscous 
shear  of  the  oil  in  the  inlet  region.  This  effect  can  be  very  significant 
at  high  sum  velocities,  particularly  when  the  oil  viscosity  is  high.  In 
that  event,  another  approximate  correction  for  the  "inlet-shear 
thermal  effect,"  also  due  to  Cheng, 36  may  be  applied,  provided  again 
all  the  other  assumptions  are  not  substantially  violated. 
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When  Cheng's  side  £low  and  inlet-shear  thermal  corrections 
are  applied  to  Equation  (4),  the  minimum  oil  film  thickness  for  a 
flooded,  elliptic  EHD  conjunction  of  perfectly  smooth  surfaces  is 
obtained: 
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ao0-54(iloVt)0-70R°-43<t>s^t 
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(5) 


where  =  minimum  oil  film  thickness,  fxin. 

<j>s  =  side  flow  correction  factor 

4>t  =  inlet-shear  thermal  correction  factor 

The  procedure  for  estimating  the  values  of  <{>8  and  4>t  Is  con¬ 
veniently  summarized  in  a  recent  paper  by  Cheng.  37  The  other  quanti¬ 
ties  involved  in  Equation  (5)  will  be  further  dealt  with  in  Appendix  C, 
primarily  as  a  matter  of  general  interest.  However,  the  calculation  of 
the  EHD  film  thickness  will  not  be  emphasized  in  this  report.  The 
reasons  are  many;  9, 10 but  the  crucial  ones  are  as  follows: 

1.  The  inlet-shear  thermal  correction  factor  does  not  ac¬ 
count  for  the  nonuniform  temperature  distribution  across  the  oil  film, 
yet  this  effect  can  be  quite  significant  in  practice. 38  Reliable  assess¬ 
ment  of  the  temperature  gradient  across  the  film,  particularly  con¬ 
sidering  sliding39  and  the  complex  participating  flow  and  heat  transfer 
involved,  is  currently  not  available. 

2.  Similarly,  an  improved  method  for  estimating  the  side 
flow  correction  factor  is  required. 

3.  Actual  surfaces  are  never  perfectly  smooth.  Surface 
roughness  and  surface  texture  affect  the  EHD  film  formation  in  a 
complex  manner;  25,  40-42  but  there  is  as  yet  no  confident  way  to 
assess  these  effects.  Indeed,  if  the  composite  surface  roughness 
involved  is  about  the  same  order  of  magnitude  as  the  nominal  film 
thickness,  EHD  lubrication  in  the  classical  sense  no  longer  prevails. 

In  that  event,  the  meaning  of  classical  EHD  lubrication  becomes  quite 
obscure,  and  the  computed  EHD  film  thickness  resulting  therefrom  is 
apt  to  be  very  misleading. 
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4.  Due  to  the  action  o£  the  gear  teeth  and  the  conventional 
manner  of  oil  supply,  the  state  of  gear-tooth  lubrication  is  probably 
always  starved,  or  far  from  the  flooded  assumption.  Although  the 
effect  of  starvation  on  film  thickness  behavior  is  quite  well  understood 
by  assuming  an  arbitrary  inlet  boundary  location  and  shape  with  a  uni¬ 
form  temperature  distribution  across  the  film, 43  these  assumptions 
are,  as  stated  above,  not  realistic  for  gears.  In  any  case,  there  is 
presently  no  reliable  way  to  relate  the  extent  of  starvation  (i.  e. ,  the 
inlet  boundary  location)  to  lubricant,  design,  and  operating  parameters, 
even  under  these  idealized  conditions. 

5.  Gear-tooth  action  also  introduces  dynamic  tooth  loading, 
augments  oil  film  development  due  to  normal  approach  of  the  tooth  sur¬ 
faces,  and  causes  flow  acceleration  and  deceleration  which  affect  film 
formation.  These  effects  are  difficult  to  account  for  quantitatively. 

6.  As  stated  previously,  it  is  now  well  established  that  the 
lack  of  an  intact  oil  film  between  the  relatively  moving  surfaces  is  only 
a  necessary  but  insufficient  condition  for  scoring.  In  other  words, 
scoring  always  occurs  in  the  boundary  lubrication  regime,  and  the 
scoring  risk  is  more  realistically  assessed  by  another  criterion,  such 
as  the  critical  temperature.  Accordingly,  gear  design  based  on  ob¬ 
taining  full  EHD  lubrication  is  not  only  unnecessary,  but  far  too  con¬ 
servative  from  the  standpoint  of  size  and  weight. 

7.  Even  if  one  chooses  to  employ  full  EHD  lubrication  as  a 
design  goal,  he  has  no  assurance  that  it  will  be  achieved  in  practice, 
since  the  current  film  thickness  predictive  technique  is  inadequate  for 
this  purpose,  for  reasons  stated  above.  It  can  be  readily  seen  from 
Equation  (5)  that,  everything  else  being  equal,  h^  is  inversely  pro¬ 
portional  to  w^.  13,  or  w  is  inversely  proportional  to  (hfn)^*^*  Thus, 
any  errors  in  predicting  the  minimum  oil  film  thickness  will  be  greatly 
magnified  in  the  prediction  of  the  scoring-limited  power -transmitting 
capacity. 

D.  Boundary  Lubrication 

The  above  remarks  are  not  intended  to  minimize  the  important 
contributions  of  the  EHD  theory  to  the  current  understanding  of  the 
lubrication  of  counterformal  surfaces.  It  is  only  that  as  knowledge  on 
the  details  of  EHD  lubrication  expands,  complications  begin  to  emerge 
and  further  refinements  appear  necessary.  In  particular,  once  the 
operation  leaves  the  full  EHD  lubrication  regime,  a  continuous  and 
undisturbed  oil  film  no  longer  exists  between  the  mating  surfaces. 

The  operation  then  enters  the  boundary  lubrication  regime,  and  the 
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complex  chemical  interactions  involved  cannot  be  ignored. 

It  has  been  argued  previously  that  of  the  three  major  lubrication- 
related  gear-tooth  failure  modes,  EHD  lubrication  is  not  a  necessary 
condition  for  pitting  and  not  a  sufficient  condition  for  scoring.  There¬ 
fore,  in  assessing  the  effect  of  lubrication- related  failure  modes  on 
gear  performance,  the  crucial  question  is  not  when  and  how  full  EHD 
film  ceases  to  prevail;  but  rather  when  and  how  the  boundary  film 
formed  by  the  oil-metal-atmosphere  interaction  ceases  to  inhibit  or 
minimize  surface  failures. 

Boundary  lubrication  is  of  course  the  most  investigated  but  per- 
plexed  subject  in  lubrication.  Literally  thousands  of  references  exist 
that  pertain  to  various  aspects  of  boundary  lubrication;  but  a  few  broad 
treatises  should  suffice  to  illustrate  its  scope  and  tremendous  com¬ 
plexity.  44-47  it  is  not  possible  to  deal  with  the  subject  of  boundary 
lubrication  in  simple  terms.  What  appears  particularly  important  as 
pertains  to  the  lubrication-related  failure  modes  of  gear  teeth  will  be 
commented  on  later,  mainly  in  Chapter  VI.  In  any  case,  as  the  opera¬ 
tion  moves  into  the  boundary  lubrication  regime,  i.  e. ,  when  contact 
between  the  gear-tooth  surfaces  takes  place,  rubbing  wear  becomes 
inevitable,  scoring  becomes  a  possibility,  and  pitting  becomes  more 
likely.  The  manifestation  of  rubbing  wear  and  pitting  damages  is 
time -dependent,  and  their  rates  of  damage  depend  upon  the  physical 
and  chemical  oil-metal-atmosphere  interactions.  The  occurrence  of 
scoring  is  quite  precipitous,  and  is  also  controlled  by  boundary  lubri¬ 
cation  considerations  in  some  way. 

E.  Lubrication- Limited  Gear  Performance 

It  is  very  difficult  to  describe  the  lubrication- related  modes  of 
gear-tooth  failure,  or  to  evaluate  their  impact  on  gear  performance 
with  much  confidence,  mainly  because  the  mechanisms  of  the  failure 
modes  are  still  not  well  understood  and  the  effect  of  gear  mechanics 
on  these  failure  modes  —  while  known  to  be  large — cannot  be  accurately  4 

assessed.  However,  regardless  of  the  approximations  involved,  an 
analysis  made  by  Blokl9  is  instructive. 

In  his  analysis,  Blok  derived  general  expressions  for  the  maxi-  • 

mum  power  transmittable  by  a  set  of  homologous  gears,  or  gears  hav¬ 
ing  similar  design  and  materials,  using  a  straight  mineral  oil.  He 
assumed  that  rubbing  wear  would  not  take  place  if  the  operation  is  in 
the  full  EHD  regime.  He  considered  that  scoring  was  governed  by  his 
critical  temperature  hypothesis,  with  the  critical  temperature  and 
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instantaneous  coefficient  of  tooth  friction  assumed  constant.  He  re¬ 
garded  pitting  as  strictly  a  mechanical  consideration  by  ignoring  the 
effect  of  lubrication.  Using  these  assumptions,  Blok  concluded  that 
in  the  absence  of  strength-related  failures,  the  maximum  power  trans- 
mittable  through  a  set  of  homologous  gears  is  primarily  limited  at  low 
speeds  by  rubbing  wear,  at  intermediate  speeds  by  pitting  or  scoring, 
and  at  high  speeds  by  scoring. 

As  has  been  discussed  in  the  preceding  sections  of  this  chapter, 
Blok's  assumptions  are  rather  drastic  oversimplifications  of  very 
complex  phenomena.  Quite  apart  from  the  difficulty  of  defining  the 
mechanisms  of  the  failure  phenomena,  which  will  hopefully  come  about 
in  due  time,  it  is  believed  that  the  time -dependent  nature  of  the  dam¬ 
ages  due  to  rubbing  wear  and  pitting  can  be  introduced  in  the  scheme  of 
analysis.  While  such  refinements  will  alter  Blok's  predicted  trends 
substantially  in  some  regimes  of  gear  operation,  it  is  not  believed  that 
his  major  conclusions  will  be  greatly  altered.  The  Blok  analysis  gives 
probably  the  most  convincing  reason  for  the  practical  importance  of 
scoring,  especially  for  aircraft  power  gears. 

F.  Impact  of  Gear  Mechanics 

Lubrication  is  concerned  with  the  behavior  of  interacting  sur¬ 
faces  in  relative  motion.  Accordingly,  the  study  of  the  lubrication  of 
any  machine  element  must,  by  necessity,  include  a  consideration  of 
the  total  effect  of  the  following  participating  factors: 

1.  Motions  without  regard  to  the  forces  acting,  or  a  study  of 
kinematics. 

2.  Forces,  displacements,  and  motions,  which  are  the 
concern  of  what  may  be  termed  statics  (where  a  state  of  rest  is  as¬ 
sumed)  and  dynamics  (the  general  case). 

3.  Material  and  surface  characteristics,  both  physical  and 
chemical. 

4.  Lubricant  characteristics,  both  physical  and  chemical. 

5.  Characteristics  of  the  surrounding  atmosphere,  both 
physical  and  chemical. 

In  other  words,  lubrication  deals  with  the  total  interaction 
including  all  physical  and  chemical  causes  and  effects,  which  are  in 
most  respects  time -dependent  in  character.  In  an  effort  to  gain  an  in¬ 
sight  into  some  specific  aspects  of  the  total  problem,  one  customarily 
begins  by  isolating  the  problem  into  neat,  individual  packages  that  can 
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be  more  readily  attacked.  This  is  a  logical  and  necessary  learning 
process;  but  one  must  not  lose  sight  of  the  fact  that  these  prescribed 
packages  may  or  may  not  neatly  simulate  gear  operation.  As  explained 
previously,  although  much  has  been  learned  about  the  lubrication  of 
idealized  sliding- rolling  systems  in  steady-state  operation,  certain 
basic  issues  still  remain.  Additionally,  in  order  to  translate  such 
idealized  knowledge  into  practice,  the  mechanical  behavior  of  gears 
must  be  brought  into  focus;  but  this  is  an  area  that  has  not  engaged 
the  needed  attention  of  lubrication  engineers. 

Gears  employ  counte rformal  surfaces  and  are  thus  subject  to 
high  normal  stresses.  As  they  go  through  a  mesh  cycle,  the  tooth  load, 
sum  velocity,  and  sliding  velocity  all  vary  in  manners  dependent  on 
the  gear  type  and  design. 

Gear  kinematics  can  be  precisely  defined  by  assuming  com¬ 
pletely  rigid  gears.  13-15,48  Even  so,  the  matter  acquires  much  com¬ 
plexity  with  such  gear  types  as  the  hypoids  and  spiral  bevels.  In 
reality,  gears  are  never  completely  rigid,  hence  one  must  deal  with  the 
interactions  between  forces  and  displacements  or  motions.  One  then 
encounters  the  problems  of  statics  and  dynamics  of  gears,  which  will 
now  be  highlighted. 

Surface  Deformation  —  Since  gears  are  not  completely  rigid, 
one  must  consider  the  consequences  of  this  fact.  One  important  con¬ 
sequence  is  the  local  elastic  deformation  of  the  counterformal  surfaces 
under  load,  which  gives  rise  to  elastohydrodynamic  lubrication,  the 
application  of  which  to  gear  lubrication  has  been  discussed. 

Tooth  Deflection  —  The  elastic  deflection  of  the  gear  teeth 
affects  tooth  profile  modification  and  the  manner  of  load  sharing  among 
the  teeth.  Although  the  subject  of  load  sharing  will  be  covered  later, 
some  general  remarks  appear  in  order  here.  Consider,  for  example, 
a  set  of  involute  spur  gears  (assuming  no  manufacturing  errors)  with 
a  contact  ratio  of  less  than  2,  for  which  the  load  is  carried  by  two 
pairs  of  teeth  at  the  beginning  and  end  of  the  mesh  cycle,  and  by  only 
one  pair  of  teeth  during  the  remaining  portion  of  the  mesh  cycle.  In 
this  simple  case,  the  relation  between  the  load  sharing  pattern  and 
tooth  profile  modification  for  a  particular  design  load  can  be  established 
by  statics  with  relative  ease,  but  still  with  some  measure  of  empiri¬ 
cism.  If  the  contact  ratio  is,  Bay,  between  2  and  3,  the  load  is  carried 
by  three  pairs  of  teeth  at  the  beginning,  middle,  and  end  of  the  mesh 
cycle,  and  by  two  pairs  of  teeth  during  the  remaining  portions  of  the 
mesh  cycle.  The  load  sharing  and  profile  modification  problem  of 
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high- contact- ratio  gears  is  considerably  more  difficult  to  solve.  De¬ 
sign  optimization  is  far  more  complex,  because  the  propensity  of  both 
strength-related  and  lubrication- related  failures  depends  markedly  on 
how  the  high  contact  ratio  is  achieved.  49  Nevertheless,  high  contact 
ratio  normally  exists  in  such  gears  as  the  helicals  and  spiral  bevels; 
and  it  is  gaining  in  popularity  for  aircraft  spur  gears. 

Other  Deflections  —  The  gear  bodies,  shafts,  support  bearings, 
and  housing  also  deflect  under  load.  These  deflections  may  modify  load 
sharing  among  the  teeth,  or  cause  tooth  misalignment.  Analysis  of 
these  deflections  is  even  more  difficult  than  that  of  tooth  deflection;  a 
rational  approach  is  currently  lacking. 

Tooth  Misalignment  —  Tooth  misalignment  may  be  due  to  the 
numerous  bulk  deflections  mentioned  above,  manufacturing  errors, 
stackup  of  tolerances  in  the  assembly  process,  or  differential  thermal 
expansion.  Whatever  the  causes,  misalignment  can  greatly  affect  both 
strength- related  failures^"^  and  lubrication- related  failures.  ^2  Mis¬ 
alignment  is  one  of  the  most  nasty  problems  to  handle,  because  it  is 
difficult  to  measure  and  control  in  practice,  and  reliable  prediction  of 
its  effects  is  still  not  available. 

Dynamics  —  The  dynamics  of  gear-tooth  behavior,  due  to  the 
transient  nature  of  tooth  engagement,  operation  away  from  the  profile - 
modified  design  point,  manufacturing  errors,  and  externally  imposed 
dynamic  conditions,  is  an  exceedingly  complex  subject.  Clearly,  if 
the  actual  tooth  load  is  much  higher  than  that  derived  for  the  static 
case,  then  estimates  for  both  strength-related  and  lubrication- related 
failures  based  on  the  static  load  can  be  overly  optimistic.  As  will  be 
seen  later,  the  dynamics  of  gear  teeth  of  simple  geometry,  under 
idealized  conditions,  has  been  a  subject  of  much  study,  mainly  with 
regard  to  strength- related  failures.  Even  so,  the  dynamics  of  a  com¬ 
plete  gear  system,  and  also  the  dynamics  of  lubricant  flow  to  and  over 
the  gear  teeth,  are  quite  different  matters.  The  effects  of  gear  and 
lubricant  flow  dynamics  on  lubrication- related  failures,  as  well  as  the 
time -dependent  chemical  interactions  involved  in  the  failure  processes, 
are  by  and  large  not  well  understood  at  present. 
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CHAPTER  m 
SPUR  GEAR  MECHANICS 


A.  Spur  Gear  Kinematics 

Spur  gears  are  the  most  common  form  of  gears  in  use.  They 
operate  on  parallel  shafts  and  all  elements  of  a  gear  tooth  are  parallel 
to  those  shafts.  The  shape  of  a  gear  tooth  may  take  one  of  many  forms, 
provided  the  contact  between  mating  pairs  of  teeth  results  in  a  conju¬ 
gate  motion;  i.e.  ,  the  transmission  of  motion  at  constant  angular  ve¬ 
locity.  The  most  commonly  used  tooth  form  is  derived  from  the 
involute  of  a  circle. 

This  chapter  will  discuss  several  important  aspects  of  involute 
g'  ar  mechanics  as  applicable  to  the  problem  of  gear  scoring.  More 
detailed  treatment  of  involute  gear  mechanics  may  be  found  in  standard 
texts.  13-15 

Figure  1  shows  a  transverse  view  of  two  involute  gears  in  mesh. 

The  smaller  one  of  the  pair,  usually  called  the  pinion,  is  the  driving 
member  in  this  illustration.  The  larger  one,  usually  called  the  gear, 
is  the  driven  member.  Contact  initiates  at  point  A  between  a  pair  of 
teeth  and  continues  along  the  line  AD  until  the  pair  of  teeth  disengage 
at  point  D.  The  line  AD  is  the  path  of  contact.  To  avoid  interference 
between  the  tooth  profiles,  contact  must  lie  between  points  V  and  W, 
the  interference  points. 

The  line  VW  is  tangent  to  the  base  circles  of  the  pinion  and 
gear,  which  are  unique  to  any  given  pair  of  involute  gears.  This  line, 
of  which  AD  is  a  part,  makes  an  angle  4>  with  the  normal  to  the  line  of 
centers.  This  angle  is  the  pressure  angle,  as  shown  in  the  lower  por¬ 
tion  of  Figure  1 . 

Figure  1  shows  two  adjacent  pairs  of  teeth  in  contact,  one  pair  * 

at  A  and  the  second  pair  at  B.  If  the  line  VW,  assumed  to  be  a  flexible 
but  inextensible  cord,  were  loosened  at  point  W  and  wrapped  around 
the  pinion  base  circle,  and  then  loosened  at  point  V  and  wrapped  around 
the  gear  base  circle,  scribers  attached  at  points  A  and  B  would  alter-  • 

nately  trace  involutes  on  the  pinion  and  gear  blanks  which  would  form 
part  of  the  active  portions  of  the  mating  tooth  surfaces.  The  length  AB 
is  equal  to  the  arc  length  A'B1,  the  normal  base  pitch. 

The  distance  from  any  point  of  tooth  contact  to  the  interference 
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point  is  the  instantaneous  radius  of  curvature  of  the  tooth  profile  at 
the  point  of  contact.  Thus  in  Figure  1,  the  radii  of  curvature  at  A  are 
AV  for  the  pinion  tooth  and  AW  for  the  gear  tooth.  Similarly  at  B,  the 
radii  are  BV  and  BW. 

The  instantaneous  sliding  and  sum  velocities  at  the  contact 
point  may  be  determined  from  the  instantaneous  radii  of  curvature  of 
the  two  teeth  at  that  point  and  the  angular  velocities  of  the  pinion  and  • 

gear.  Referring  to  Figure  1,  they  are 
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instantaneous  sliding  velocity,  ips 
instantaneous  sum  velocity,  ips 

instantaneous  radius  of  curvature  of  pinion  tooth,  in. 
instantaneous  radius  of  curvature  of  gear  tooth,  in. 
angular  velocity  of  pinion,  rad/sec 
angular  velocity  of  gear,  rad/sec 


The  gear  ratio,  or  the  ratio  of  the  larger  to  the  smaller  number 
of  teeth  in  the  mating  gears,  is 
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where  G 
d 
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gear  ratio 

pitch  diameter  of  pinion,  in. 
pitch  diameter  of  gear,  in. 
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Np  =  number  of  pinion  teeth 

Ng  =  number  of  gear  teeth 

It  can  be  readily  shown  that  as  a  pair  of  teeth  go  through  the 
mesh,  the  sum  velocity  remains  positive  throughout  the  mesh  cycle. 

On  the  other  hand,  the  sliding  velocity  starts  at  a  maximum  negative 
value  at  point  A,  rises  to  zero  at  the  pitch  point  O,  then  it  becomes 
positive  and  increases  to  a  maximum  positive  value  at  point  D.  For 
the  case  of  G  =  1,  the  sum  velocity  is  constant  throughout  the  mesh 
cycle,  while  the  absolute  value  of  the  sliding  velocity  variation  is 
symmetrical  with  respect  to  the  pitch  point.  If  the  pinion  is  the  driver, 
as  shown  in  Figure  1,  the  sum  velocity  will  increase  as  the  mesh  pro¬ 
gresses  from  A  to  D,  and  the  absolute  value  of  the  sliding  velocity 
will  be  greater  at  A  than  at  D.  With  the  gear  as  the  driver,  the  sum 
velocity  will  decrease  as  the  mesh  progresses  from  A  to  D,  and  the 
absolute  value  of  the  sliding  velocity  will  be  less  at  A  than  at  D. 

B.  Spur  Gear  Statics 

It  has  been  pointed  out  that  a  pair  of  spur  gear  teeth  first  engage 
at  point  A  (Fig.  1)  and  finally  disengage  at  point  D.  Figure  2  shows 
two  involute  spur  gears  at  the  instant  that  a  pair  of  teeth  engage  at  A. 

A  second  pair  of  teeth  are  already  in  mesh  at  B.  As  the  gears  rotate, 
the  pair  of  teeth  previously  in  mesh  at  B  will  move  to  point  D,  where 
they  are  ready  to  disengage.  The  pair  of  teeth  previously  at  A  are 
engaged  at  point  C.  Any  further  motion  will  result  in  the  teeth  at  D 
separating  and  the  teeth  at  C  being  the  only  pair  of  teeth  in  contact.  It 
is  obvious  that  as  the  pair  of  teeth  at  A  move  to  C,  and  the  pair  of 
teeth  at  B  move  to  D,  the  load  is  shared  between  these  two  tooth  pairs. 
However,  as  the  pair  of  teeth  at  C  move  to  B,  the  load  is  carried 
entirely  by  this  single  pair  of  teeth.  A  measure  of  the  portion  of  the 
total  contact  time  during  which  two  pairs  of  teeth  share  the  load  is 
given  by  the  contact  ratio,  defined  as 


m 


c 


AD 

Pb 


(9) 


where  mc 


contact  ratio 


AD  =  length  of  path  of  contact,  in. 
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Pb  =  base  pitch,  in. 

Contact  ratios  of  properly  designed  spur  gears  are  normally  in  the 
range  of  1.  3  to  1. 7;  and  the  greater  the  contact  ratio,  the  longer  two 
pairs  of  teeth  share  the  load  during  the  mesh  cycle. 

The  load  distribution  between  the  two  pairs  of  teeth  simulta¬ 
neously  in  contact  between  AC  and  BD  is  a  function  of  the  tooth  deflec¬ 
tion  under  load  and  the  tooth  profile  modification. 

Walker  50-52  has  shown  to  an  engineering  approximation  that 
the  normal  deflection  at  an  arbitrary  point  M  of  a  full-depth  involute 
spur  gear  tooth  under  a  normal  load  at  M  is  given  by  the  expression 


’m 


14wm  h 

- cos  0 

E  t 


(10) 


where  6m 

wn, 

E 

h 

t 

0 


normal  deflection  of  tooth,  in. 

unit  normal  load  on  a  single  tooth  at  point  M,  lb/ in. 

Young's  modulus,  osi - 

height  of  inscribed  parabola,  in. 

width  of  inscribed  parabola,  in. 

load  angle,  deg. 


The  parabola  height  and  width  are  those  associated  with  the 
tooth-equivalent  beam  of  uniform  bending  stress  inscribed  in  the  tooth 
profile^*  ^  and  illustrated  in  Figure  3.  The  load  angle  is  the  angle 
between  the  load  line  and  a  line  normal  to  the  center  line  of  the  tooth. 
It  is  also  shown  in  Figure  3. 


The  total  deflection  between  a  pair  of  teeth  in  contact  at  M  is 
the  sum  of  the  individual  deflections  of  each  tooth,  or 


&m  =  6mp  +  ®mg 


(ID 
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When  the  gear  teeth  are  loaded,  they  deflect;  and  the  deflection 
manifests  itself  as  a  relative  angular  shift  between  the  gears.  The 
result  is  that  the  teeth  interfere  with  each  other  at  the  point  of  load 
engagement.  This  is  illustrated  in  Figure  4.  The  interference  at 
point  A  may  be  eliminated  if  the  tooth  on  the  driven  gear  were  to  have 
the  "overlapping"  material  at  its  tip  removed.  Then  the  tip  of  this 
gear  tooth  would  once  again  make  initial  contact  with  the  driver  gear 
tooth  at  the  point  A.  To  ensure  smooth  engagement  of  the  teeth  as  the 
mesh  continues,  material  is  removed  along  the  entire  tip  of  the  working 
face  of  the  driven  gear  tooth  from  A  to  C.  To  avoid  a  similar  inter¬ 
ference  during  the  mesh  cycle  from  B  to  D,  the  driver  gear  tooth  pro¬ 
file  is  relieved  from  B  to  D.  It  is  seen  from  Figure  4  that  the  maxi¬ 
mum  profile  modification  to  be  applied  to  the  tip  of  the  driven  gear  tooth 
is  equal  to  the  total  tooth  deflection  at  point  B.  Similarly,  the  maxi¬ 
mum  profile  modification  to  be  applied  to  the  tip  of  the  driver  gear 
tooth  is  the  total  tooth  deflection  at  point  C.  The  amount  of  modifica¬ 
tion  between  points  A  and  C,  and  between  points  D  and  B,  usually 
reduces  linearly  along  the  profile.* 


It  should  be  apparent  that  if  the  modification  is  determined  by 
the  deflection  of  the  teeth  at  some  given  load,  then  the  modification 
will  not  be  ideal  at  other  loads.  If  the  load  is  greater  than  that  for 
which  modification  was  selected,  some  interference  will  occur,  but 
certainly  not  to  the  extent  had  there  been  no  modification  at  all.  If, 
on  the  other  hand,  the  load  is  less  than  that  for  which  modification 
was  selected,  the  teeth  will  be  slightly  late  in  engaging  and  early  in 
disengaging,  but  no  interference  will  occur.  The  usual  practice  is  to 
choose  the  modification  to  give  a  smooth  load  transfer  at  the  load  level 
most  often  encountered  during  operation. 

If  it  is  assumed  that  during  contact  between  two  pairs  of  teeth 
(double  tooth  contact),  the  total  deflections  at  each  contact  pair  are 
equal,  and  that  the  sum  of  the  loads  at  each  pair  are  equal  to  the  total 
transmitted  load,  the  individual  normal  tooth  loads  may  be  determined. 


For  contact  between  A  and  C  (Fig.  2),  the  normal  load  at  an 
arbitrary  point  i  is 


Wi  =  W 


6j+  Aj  ~  Ai 

6i+  6j 


(12) 


#  In  practice,  the  calculated  modification  is  applied  fully  at  the  first 
point  of  contact,  but  only  partially  at  the  last  point  of  contact,  in  an 
effort  to  allow  the  gear  set  to  run  smoother  at  less  than  the  design  load. 
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Figure  4.  Tooth  interference  due  to  bending 
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where 

W 


normal  contact  load  at  any  arbitrary  point  i  of  double 
tooth  contact,  lb 

total  normal  load,  lb 

total  tooth  deflection  at  i,  in. 

total  tooth  deflection  at  j,  one  base  pitch  from  i,  in. 
modification  of  driven  tooth  at  i,  in. 
modification  of  driver  tooth  at  j,  in. 


For  contact  between  B  and  D,  at  a  point  j  one  base  pitch  along 
the  line  of  contact  AD  from  point  i,  the  normal  load  is 


Wj  =  w  -  wA 


(13) 


where  Wj  =  normal  contact  load  at  j  of  double  tooth  contact,  one 
base  pitch  from  i,  lb 

For  single  tooth  contact  between  C  and  B,  the  normal  load  is 
constant,  as  for  example  at  am  arbitrary  point  k, 


Wk  =  W 


(14) 


where  Wk  =  normal  contact  load  at  any  arbitrary  point  k  of  single 
tooth  contact,  lb. 

Equations  (12),  (13),  and  (14),  when  applied  to  points  along  the 
path  of  contact,  define  the  load  sharing  pattern  through  the  mesh  cycle 
of  spur  gears  with  a  contact  ratio  between  1  and  2.  This  fairly  labori¬ 
ous  calculation  can  easily  be  performed  by  means  of  a  computer  pro¬ 
gram,  as  is  done  in  the  current  work  (App.  H).  If  such  a  computer 
program  is  not  available,  an  approximate  load  sharing  pattern,  such 
as  that  used  in  the  AGMA  gear  scoring  design  guide, 3  is  often  used  in 
practice.  The  AGMA  load  sharing  pattern  is  fixed,  and  is  independent 
of  the  load  level.  However,  in  view  of  its  approximate  nature,  this 
objection  is  mainly  academic. 
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Spur  gears  with  contact  ratios  greater  than  2  are  fairly  rare; 
but  are  gaining  in  popularity  for  aircraft  power  gears.  The  impact  of 
high  contact  ratio  on  spur  gear  performance  has  been  discussed  re¬ 
cently  by  Staph. ^9  If  the  contact  ratio  is  between  2  and  3,  then  3  pairs 
of  teeth  share  the  load  at  the  beginning,  middle,  and  end  of  the  mesh 
cycle;  while  only  2  pairs  of  teeth  share  the  load  during  the  remaining 
portions  of  the  mesh  cycle.  The  computation  of  the  load  sharing  pat¬ 
tern  for  such  gears  can  be  done  in  a  similar  manner, 49  by  using  the 
Walker  procedure.  The  AGMA  load  sharing  pattern  mentioned  above 
does  not  apply  to  this  case. 

Tooth  loads  found  by  the  above  procedures  are  static  loads,  or 
those  for  very  low-speed  operation.  Rigorous  analysis  of  load  sharing 
under  dynamic  conditions  is  currently  not  available.  Gear-tooth 
dynamics  can  thus  only  be  treated  in  an  approximate  manner,  which 
will  be  discussed  in  the  section  which  follows. 

C.  Spur  Gear  Dynamics 

In  the  previous  section,  equations  were  given  for  finding  the 
tooth  loads  between  mating  gear  teeth  for  static  or  very  low-speed 
operation.  If  the  tooth  profiles  were  perfectly  designed,  if  the  gears 
were  perfectly  manufactured  and  assembled,  if  the  gears  were  oper¬ 
ated  at  that  unique  load  level  for  which  the  tooth  profile  modifications 
were  designed,  and  if  no  other  dynamic  stimuli  were  present  in  the 
system,  then  these  equations  would  also  be  valid  for  high-speed 
operation.  Unfortunately,  these  conditions  are  never  achievable  in 
practice.  Because  of  these  deviations  from  the  ideal,  the  actual  tooth 
loads  are  higher  than  those  calculated  from  the  static  load  equations. 

Dynamic  loads  result  when,  for  one  reason  or  another,  the  gear 
teeth  undergo  an  angular  speed  change  in  the  meshing  process.  For 
example,  in  a  gear  set  in  which  the  pinion  is  the  driver,  if  the  gear 
tooth  just  ready  to  engage  the  pinion  tooth  is  too  thick  (a  manufacturing 
tolerance  problem),  contact  between  the  teeth  will  not  occur  on  the 
line  of  action;  but  somewhere  ahead  of  and  off  the  line.  The  action 
will  not  be  conjugate.  The  teeth  will  deflect  to  some  small  extent 
under  load,  lessening  the  shock  of  the  sudden  loading;  but  the  main 
result  will  be  an  acceleration  of  the  gear  or  a  deceleration  of  the 
pinion,  each  in  an  effort  to  bring  the  point  of  contact,  now  off  the  line 
of  contact,  back  onto  the  line.  This  acceleration  or  deceleration  gives 
rise  to  an  overload,  or  a  dynamic  load  increment.  The  static  load 
plu 8  the  dynamic  increment  is  the  dynamic  load. 


Although  the  previous  example  illustrates  the  dynamic  load  as 
being  produced  by  the  velocity  change  occurring  at  the  first  point  of 
contact,  in  fact  no  such  limitation  exists.  At  any  time  during  the 
nominal  engagement  of  a  pair  of  teeth  whose  profiles  are  such  that  con¬ 
tact  moves  off  the  theoretical  line  of  action,  a  velocity  change  will 
occur  to  the  pinion  and  the  gear,  producing  a  dynamic  load.  Generally 
speaking,  however,  the  velocity  change  at  the  initial  point  of  contact  is 
the  greatest  and  hence  produces  the  largest  dynamic  loading  in  the 
cycle. 


All  gear  pairs  experience  dynamic  loads  to  some  degree  since 
gear  perfection  is  not  a  reality.  For  high-precision  gears  operating 
at  moderate  speeds  and  loads,  the  dynamic  loads  are  not  very  high 
and  they  do  not  cause  serious  problems. 4-6  On  the  other  hand,  highly- 
loaded  gears  and  very  high-speed  gears,  even  lightly-loaded,  may 
experience  dynamic  loads  sufficiency  high  to  cause  concern.  This  is 
particularly  true  where  a  gear  pair  is  designed  for  the  ultimate  in 
power-to-weight  ratio  such  as  aircraft  gearing. 

Of  particular  concern  are  gear  systems  which  operate  at  speeds 
near  the  natural  frequency  of  the  gear  mass /tooth  spring  system.  At 
resonance  the  dynamic  increment  can  equal  the  load  due  to  the  input 
power.  53-55  Some  evidence  exists  which  shows  even  higher  dynamic 
increments  if  the  damping  in  the  system  is  less  than  about  7  percent  of 
critical. 53-55  Fortunately,  most  combinations  of  material,  lubricant, 
and  gear  blank  design  will  provide  this  value  of  damping. 

Dynamic  loads  may  result  from  manufacturing  tolerances  in  the 
pitch,  pressure  angle,  tooth  thickness,  tooth  profile,  and  lead,  or 
from  misalignment  or  tooth  deflection,  or  anything  which  causes  the 
gears  to  deviate  dimensionally  or  operationally  from  perfection.  Like¬ 
wise,  dynamic  loads  may  arise  from  the  operation  of  modified  profile 
gears  at  loads  other  them  that  for  which  the  modification  was  based, 
since  the  effect  is  the  same  as  tooth  mesh  errors  due  to  manufacturing 
tolerances. 

From  a  practical  standpoint,  dynamic  loads  may  be  related  to 
tooth  deflection,  6,  pitch  error,  e,  and  profile  modification,  A.  Table 
2  shows  the  relationships  involved  for  several  combinations  of  pitch 
error,  deflection,  and  profile  modification.  The  pitch  error  is  the 
sum  of  the  allowable  pitch  tolerances  of  each  gear.  Pitch  tolerances 
are  found  in  the  AGMA  Gear  Handbook  56  for  the  class  of  gear  under 
consideration.  The  total  tooth  deflection  6  is  the  deflection  at  the 
point  B  (Fig.  2),  since  it  is  this  deflection  that  affects  the  mesh  at  A. 
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TABLE  2.  EFFECTIVE  TOOTH  ERRORS 


Case 

Pitch 

error, 

e 

Total  tooth 
deflection, 

6 

Effective 
pitch  error , 

ef 

Profile 

modification, 

A 

Effective 

error, 

ee 

a 

0 

0 

0 

0 

0 

b 

e 

0 

e 

0 

e 

c 

e 

6 

e  +  6 

0 

e  +  6 

d 

e 

6 

e  +  6 

-6 

e 

e 

e 

6 

e  +  6 

-  A 

e  +6 -  A 

<k 
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The  effective  pitch  error,  ef,  is  the  algebraic  sum  of  e  and  6. 

The  profile  modification  A  is  the  sum  of  the  tip  modification  of 
the  driven  gear  and  the  root  modification  (if  any)  of  the  mating  driving 
gear.  Normally,  profile  modification  tolerances  are  positive  (i.  e.  , 
removal  of  material),  reducing  the  effective  error  and  are  thus  not 
considered.  Note  in  Table  2  for  case  d,  the  modification  is  equal  to  the 
total  tooth  deflection,  thus  negating  the  effect  of  the  deflection  at 
engagement. 

The  effective  error,  that  error  which  the  teeth  "see"  as  they 
engage,  is  the  algebraic  sum  of  ef  and  A.  It  is  this  error,  regardless 
of  its  source  or  makeup,  that  will  cause  the  dynamic  load. 

Gear-tooth  dynamics  has  been  a  subject  of  considerable  study 
from  both  theoretical  and  experimental  standpoints;  and  the  complexity 
of  the  problem  is  well  illustrated  by  some  of  the  references  cited  here¬ 
in.  53-55,  57-6  5  Among  the  works  that  are  fairly  typical  of  the  state  of 
the  art,  the  Seireg  and  Houser  method6l»62  represents  a  combined 
theoretical  and  experimental  approach  but  is  rather  difficult  to  apply, 
while  the  Tuplin  method*^  is  based  on  a  simple  theoretical  approach  but 
is  easier  to  use  in  practice. 

It  should  be  emphasized  that  the  subject  of  gear-tooth  dynamics 
is  exceedingly  complex.  It  involves  by  necessity  not  only  the  dynamic 
behavior  of  the  gear  teeth  themselves,  but  also  of  the  other  components 
in  the  system  which  participate  in  governing  the  dynamic  behavior  of 
the  gear  teeth.  The  displacement,  elastic,  damping,  and  inertia  char¬ 
acteristics  of  all  these  participating  components  are  difficult  to  defi  ie 
and  account  for;  and  how  well  the  currently  available  approaches 
actually  work  out  in  practice  remains  intriguing.  In  view  of  this  situa¬ 
tion,  only  the  relatively  simple  Tuplin's  method^  will  be  discussed 
herein  and  employed  in  the  computer  program  in  this  report  (App.  H). 

In  addition  to  the  Tuplin  method,  the  empirical  and  even  simpler  AGMA 
approach4-6  will  also  be  mentioned. 

A  convenient  way  to  account  for  the  dynamic  effect  is  to  intro¬ 
duce  a  dynamic  factor,  Kv,  defined  as 

K  -  static  load 
dynamic  load 


_ static  load _ 

static  load  +  dynamic  increment 


(15) 


The  static  load  is  computed  by  the  procedure  outlined  in  the  preceding 
section.  The  dynamic  load  is  then  the  static  load  divided  by  the  dy¬ 
namic  factor. 

Tuplin's  Method.  In  order  to  apply  the  Tuplin  method,^  it  is 
necessary  to  calculate  the  period  of  the  natural  frequency  of  the  gear 
mass/tooth  spring  system.  It  may  be  calculated  by  any  convenient 
method,  as  for  example,  the  Holzer  method,  or  by  the  following  ap¬ 
proximation: 


period  of  natural  frequency  of  gear  mass/tooth  spring 
system,  sec 

equivalent  mass  of  pinion  and  gear,  lb-sec^/in. 
spring  rate  of  a  pair  of  mating  spur  gear  teeth,  lb/in. 

The  spring  rate  of  a  pair  of  mating  teeth  is  approximately  con¬ 
stant  through  the  mesh;  thus  a  fair  approximation  to  the  spring  rate 
may  be  found  by  considering  a  cantilever  beam  loaded  with  a  uniform 
load  across  the  tip.  This  gives 


FEp  3 

32  ( D0  -  D)3 


(17) 


where  F  =  face  width,  in. 

E  =  Young's  modulus,  psi 

p  =  circular  pitch,  in. 

D0  =  gear  outside  diameter,  in. 

D  =  gear  pitch  diameter,  in. 

If  the  gear  drives,  the  equivalent  pinion  diameters  should  be  used  for 
D0  and  D. 
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The  time  (or  the  tooth  error  to  be  applied  is  assumed  to  be  the 
time  for  the  gears  to  turn  through  one  circular  pitch,  or 


*e 


(18) 


where  te  =  time  for  tooth  error  to  be  applied,  sec 
Vt  =  pitchline  velocity,  ips. 

The  ratio  te/Tn  is  used  in  Figure  5  to  determine  the  value  of 
ea/ee.  With  ee  obtained  from  Table  2,  the  apparent  tooth  error,  ea, 
is  calculated;  and  the  dynamic  increment  is  then 


Fi  =  ki  ea 


(19) 


where  Fi  =  dynamic  increment,  lb 

ea  =  apparent  error,  in.  (from  Fig.  5) 

The  dynamic  factor,  Kv,  may  then  be  calculated  from  Equation  (15). 

If  the  gear  train  operates  at  speeds  near  the  resonant  frequency 
of  the  gear  mass /tooth  spring  system,  it  may  be  shown  that  the  critical 
value  of  te/Tn  is  given  by  the  reciprocal  of  the  number  of  pinion  teeth£3 
Assuming  a  minimum  number  of  pinion  teeth  as  being  12,  the  critical 
value  of  te/Tn  is  0.083,  and  ea/ee  =  0.96  from  Figure  5.  From 
Equation  (19), 


j  ee  =  0.  96  kjee  ~  k|  ee 

In  other  words,  the  dynamic  increment  is  nearly  equal  to  the  static 
load,  or  Kv  is  nearly  0.  5,  a  result  suggested  earlier. 

AGMA  Method.  The  AGMA  method*  is  extremely  simple  to 
apply  in  practice;  but  its  use  requires  much  experience  and  judgment. 


This  method  states  that  the  dynamic  factor,  Kv,  depends  on:  "(a)  ef¬ 
fect  of  tooth  spacing  and  profile  errors,  (b)  effect  of  pitchline  and 
rotational  speeds,  (c)  inertia  and  stiffness  of  all  rotating  elements, 

(d)  transmitted  load  per  inch  of  face,  and  (e)  tooth  stiffness.  "  It  then 
furnishes  three  simple  equations  for  the  dynamic  factor,  herein  desig¬ 
nated  as  Kvj,  Kv£,  and  Kv3  for  convenience,  for  the  following  three 
situations: 

For  "high-precision"  gears  when  the  effect  of  the  items  listed 
above  are  such  that  "no  appreciable  dynamic  load  is  developed,  " 


Kvl  =  1 


(20) 


For  "high-precision"  gears  when  the  items  listed  above  "can 
develop  a  dynamic  load,  " 


KV2 


/ 


78 


78  +  fTt 


For  less  precise  gears, 


Kv3  = 


50 

5o  +  yr^ 


(21) 


(22) 


In  Equations  (21)  and  (22),  Vt  is  the  pitchline  velocity,  fpm. 

The  AGMA  equations  can  of  course  be  faulted  for  their  lack  of 
sophistication.  However,  in  view  of  the  complexity  of  the  total  gear- 
tooth  dynamics  problem  and  the  difficulty  of  handling  the  problem  in  a 
rigorous  but  realistic  manner,  they  do  provide  some  easy  and  practical 
means  of  accounting  for  the  dynamic  effect  if  caution  is  exercised. 

Further  discussion  of  the  dynamic  factor  as  applied  to  practical 
prediction  of  the  scoring-limited  performance  of  gears  will  be  deferred 
until  Chapter  VII, 


CHAPTER  IV 

HELICAL  GEAR  MECHANICS 


A.  Helical  Gear  Kinematics 

If  a  spur  gear  were  sliced  transversely  into  a  number  of  thin 
plates,  and  each  plate  were  displaced  through  a  small  positive  angle 
with  respect  to  the  preceding  one,  the  result  would  be  a  stepped  gear. 
To  carry  the  process  further,  the  plates  could  become  infinitesimal 
in  thickness  and  infinite  in  number,  then  the  result  would  be  a  helical 
gear.  Consequently,  the  tooth  profiles  in  any  transverse  plane  of  a 
helical  gear  are  identical,  but  are  shifted  through  an  angle  propor¬ 
tional  to  the  axial  displacement.  The  intersection  of  the  tooth  surface 
with  the  pitch  cylinder  is  a  helix. 

The  contact  in  a  pair  of  uncrowned  helical  gears  on  parallel 
axes  is  approximately  a  rectangle.  In  actual  practice,  the  contact  may 
not  be  like  this  if  misalignment  is  present,  but  may  be  more  nearly  a 
distorted  ellipse. 

Two  helical  gears  viewed  in  the  transverse  plane  (normal  to 
the  axes  of  rotation)  are  shown  in  Figure  6.  The  plane  of  action  is 
projected  above  the  gears.  The  slant  lines  in  the  plane  of  action  are 
the  lines  of  contact  of  the  contacting  tooth  pairs.  There  are,  in  this 
case,  two  pairs  of  teeth  simultaneously  in  contact,  spaced  one  normal 
base  pitch  apart.  Contact  between  a  pair  of  teeth  starts  at  point  A 
and  sweeps  across  the  plane  of  action  to  end  at  point  D1. 

The  geometry  at  an  arbitrary  point  H  on  a  line  of  contact  may 
be  found  by  determining  the  point's  projection  H1  in  the  transverse 
plane.  Then  methods  of  analysis  similar  to  those  for  spur  gears  may 
be  used  to  determine  tooth  geometry  at  H'.  The  base  helix  angle,  4<b, 
may  be  taken  into  account  to  translate  the  results  back  into  the  normal 
plane. 

The  projected  radii  of  curvature  at  H1  in  the  transverse  plane 

are 

Pp  =  VH' 

pg  =  WH' 
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Figure  6.  Helical  gear  geometry  and  kinematic 


These  radii  may  be  translated  back  to  the  point  H  in  the  normal  plane 
by  taking  into  account  the  base  helix  angle,  ^b»  thus 

Ppn  =  VH1  sec  4<b 

Pgn  =  WH1  sec  ^b 

Using  these  radii  in  the  normal  plane,  the  instantaneous  slid¬ 
ing  and  sum  velocities  at  the  point  H  are 


Vs  =  (PpntOp  "  PgnWg )  cos  4*b 


(23) 


Vt  =  (Ppn^p  +  PgnWg)  cos  i|ib 


(24) 


where  Ppn 

Pgn 

Wp 

Wg 

‘J'b 


=  radius  of  curvature  of  pinion  in  normal  plane,  in. 
=  radius  of  curvature  of  gear  in  normal  plane,  in. 

=  angular  velocity  of  pinion,  rad/sec 
=  angular  velocity  of  gear,  rad/sec 
=  base  helical  angle,  deg. 


B. 


Helical  Gear  Statics 


As  illustrated  in  Figure  6,  two  pairs  of  teeth  are  simulta¬ 
neously  in  contact  at  the  instant  shown.  This  set  of  gears  will  always 
have  two  pair  of  teeth  in  contact  at  any  one  time,  since  as  the  leading 
line  of  contact  nears  point  D1,  a  new  line  enters  at  point  A.  Properly 
designed  helical  gears  will  always  have  at  least  two  and  often  more 
pairs  of  teeth  in  contact  at  any  one  time.  Because  several  pairs  of 
teeth  are  in  contact  at  one  time,  helical  gears  operate  more  quietly 
than  spur  gearu,  and  with  less  shock  at  tooth  engagement. 

Like  spur  gears,  a  measure  of  the  load  sharing  between  pairs 
of  teeth  simultaneously  in  contact  is  the  contact  ratio.  However,  since 
contact  in  the  plane  of  action  of  helical  gears  is  in  two  dimension-, 
there  are  two  contact  ratios.  The  face  contact  ratio  is  that  due  to  the 
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helical  nature  of  the  tooth  elements  that  cause  overlap  between  pairs 
of  teeth.  In  terms  of  gear  parameters,  it  is 


mf 


F  tan  ^ 
P 


(25) 


where  mf  =  face  contact  ratio 

F  =  face  width,  in. 

4*  =  helix  angle,  deg. 

p  =  transverse  circular  pitch,  in. 


I  he  transverse  contact  ratio  is  that  due  to  load  sharing  in  the 
transverse  plane  and  is  identical  in  nature  to  the  contact  ratio  in  spur 
gears,  or 


mc 


AD 

Pb 


(26) 


where  pj-,  is  the  transverse  base  pitch,  in. 


The  total  contact  ratio  is  the  sum  of  the  face  and  transverse 
contact  ratios,  or 


mt  =  mc  +  mf 


(27) 


Because  the  load  extends  from  the  tip,  diagonally  across  the 
gear  face,  to  the  root  of  a  tooth,  the  tooth  deflection  is  a  complex 
function  of  tooth  form  and  helix  angle.  No  rational  method  is  available 
for  determining  the  tooth  deflection.  However,  the  flexibility  of  the 
tooth  loaded  near  the  tip,  and  the  rigidity  of  the  same  tooth  simulta¬ 
neously  loaded  near  the  root,  together  with  the  several  teeth  in  contact 
at  one  time,  tend  to  distribute  the  load  more  evenly  over  the  instan¬ 
taneous  lines  of  contact  for  uncrowned  helical  gears.  This  approxi¬ 
mation  is  implied  in  the  AGMA  standard  for  rating  the  strength  of  heli¬ 
cal  and  herringbone  gear  teeth^  in  the  calculation  of  the  load  sharing 
ratio 


m 


N 


x 

L 


(28) 
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where  =  load  sharing  ratio 

L  =  total  length  of  lines  of  contact  for  all  tooth  pairs 
simultaneously  in  contact,  in. 

This  equation  implies  that  the  fraction  of  the  total  normal  load 
carried  at  any  instant  by  any  tooth  is  proportional  to  the  ratio  of  the 
length  of  the  instantaneous  line  of  contact  on  that  tooth  to  the  total  length 
of  all  instantaneous  lines  of  contact  on  all  teeth. 

Figure  7  is  a  view  of  the  plane  of  action  of  a  pair  of  helical 
gears.  Three  pairs  of  teeth  are  in  simultaneous  contact  in  this  illu¬ 
stration.  The  position  of  a  line  of  contact  from  the  time  it  starts  at 
point  A  until  it  exits  at  point  D1  is  determined  by  the  parameter  f , 
measured  normally  to  the  lines  of  contact.  There  may  be,  as  shown 
in  Figure  7,  lines  of  contact  ahead  of  and  behind  this  line  at  a  distance 
of  p^,  the  normal  base  pitch,  apart. 

The  line  of  contact  at  distance  f  may  be  divided  into  a  number  of 
equal  divisions  and  each  such  division  may  be  treated  for  purposes  of 
analysis  as  an  elemental  spur  gear  tooth  having  a  width  in  the  normal 
plane  equal  to  the  length  of  the  division.  The  load  is  assumed  constant 
over  the  length  of  the  division,  so  that 


=  Wl/L 


(29) 


where  -  normal  load  on  the  elemental  gear,  lb 

W  =  total  normal  load,  lb 
i  =  length  of  a  division,  in. 

Thu  instantaneous  sliding  and  sum  velocities  in  the  normal 
plane  at  the  point  of  contact  in  the  middle  of  the  division,  as  for  exam¬ 
ple  at  point  M,  are  used  as  being  representative  of  the  conditions  on 
the  elemental  gear. 

C.  Helical  Gear  Dynamics 

Dynamic  loads  in  helical  gears  arise  from  the  same  causes 
as  they  do  in  spur  gears;  namely,  manufacturing  tolerances,  tooth 
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Figure  7.  Helical  gear  contact  condition 
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deflections,  system  dynamics,  or  anything  that  results  in  a  change 
in  the  angular  speeds  of  the  teeth  in  action.  However,  since  the  load 
on  helical  gear  teeth  is  applied  diagonally  across  the  tooth  face, 
and  because  at  least  two  and  usually  more  teeth  are  simultaneously 
in  contact,  the  tooth  deflections  are  not  as  severe  as  they  are  in  spur 
gears.  Consequently,  dynamic  loads  are,  on  the  whole,  somewhat 
less  for  helical  gears  than  they  are  for  spur  gears.  With  only  minor 
changes,  the  methods  for  determining  the  dynamic  factors  described 
previously  for  spur  gears  may  be  applied  to  helical  gears. 

Tuplin's  Method.  The  dynamic  factor  for  helical  gears  may 
be  computed  by  the  same  equations  presented  in  the  preceding  section 
for  spur  gears,  with  one  exception.  This  exception  relates  to  the  tooth 
spring  rate,  k| .  Equation  (17)  previously  given  applies  to  spur  gears. 
For  helical  gears,  ..e  approximate  equation  is 


3 

IT  E  (p  cos  4^) 
96  (D0-  D)2 


(30) 


whe  re  k| 
E 

P 

4* 

Do 

D 


tooth  spring  rate  for  helical  gears,  lb/in. 

Young's  modulus,  psi 

transverse  circular  pitch,  in. 

helix  angle,  deg 

gear  outside  diameter,  in. 

gear  pitch  diameter,  in. 


Note  that  the  quantity  p  in  Equation  (18)  should  be  the  transverse  circu' 
lar  pitch,  since  it  and  not  the  normal  circular  pitch  governs  the  dis¬ 
tance  moved  by  points  on  the  pitchline  of  the  rotating  gear. 

AGMA  Method.  The  AGMA  method  for  estimating  the  dynamic 
factor  of  helical  gears  is  also  basically  identical  to  that  for  spur 
gears.  For  helical  gears,  the  AGMA  procedure  specifies  two  dynamic 
factors,  KV1  and  Kv2>  exactly  as  in  Equations  (20)  and  (21),  respec¬ 
tively.  The  third  dynamic  factor,  Kv3»  is  not  used  for  helical  gears. 


CHAPTER  V 

SPIRAL  BEVEL  GEAR  MECHANICS 


A.  Spiral  Bevel  Gear  Kinematics 

Spiral  bevel  gears  are  related  to  straight  bevel  gears  in  much 
the  same  manner  as  helical  gears  are  related  to  spur  gears.  That  is 
to  say,  the  element  of  a  spiral  bevel  gear  tooth  forms  a  spiral  helix 
about  the  pitch  cone,  whereas  the  element  of  a  helical  gear  tooth  forms 
a  cylindrical  helix  about  the  pitch  cylinder.  Many  of  the  advantages 
and  disadvantages  of  helical  gears,  such  as  multiple  tooth  contact  and 
thrust  loading,  are  present  in  spiral  bevel  gears. 

The  bases  of  spiral  bevel  gears  are  pitch  cones  which  intersect 
at  a  common  point.  The  axial  plane  contains  the  gear  axes.  Figure  8, 
looking  normal  to  the  axial  plane,  shows  some  of  the  parts  of  a  pair  of 
spiral  bevel  gears.  The  pitch  plane  is  seen  as  the  line  PO,  and  the 
pitch  point  is  point  P. 

Figure  9  looks  at  the  pitch  cone  normal  to  the  pitch  plane.  Ele¬ 
ments  of  a  tooth  make  an  angle  4*  with  the  cone  element  midway  of  the 
face  width.  This  is  the  spiral  angle,  and  it  is  equivalent  to  the  helix 
angle  in  helical  gears  with  the  exception  that,  due  to  the  taper  of  the 
pitch  cone,  the  value  of  the  spiral  angle  is  not  constant  but  depends 
upon  where  along  the  cone  element  it  is  measured. 

A  section  of  the  tooth  on  the  normal  plane  is  also  shown  in 
Figure  9.  The  pressure  angle,  <J)n,  is  specified  in  this  plane.  The 
most  common  spiral  angle  is  35°;  the  usual  pressure  angle  is  20". 

The  tangent  plane  is  also  shown  in  Figure  9. 

Since  the  plane  of  action  shows  the  contact  on  all  teeth  in  action 
simultaneously,  it  is  more  convenient  to  use  the  plane  of  action  for 
study  than  to  use  the  tooth  surface.  Accordingly,  Figure  10  shows  the 
plane  of  action  bounded  by  the  pairs  of  curved  and  tapering  lines.  To 
simplify  the  analysis,  the  plane  of  action  is  assumed  to  be  rectangular 
with  width  F  and  length  Z  as  shown  in  Figure  10. 

The  three  diagonal  lines  in  the  plane  of  action  represent  the 
contact  between  three  pairs  of  teeth  which  at  the  instant  are  sharing 
the  load.  These  lines  are  actually  the  major  axes  of  contact  ellipses. 
The  ellipse  passing  through  the  ends  of  the  instantaneous  lines  of  con¬ 
tact  represents  the  limits  of  contact.  If  it  were  not  for  mismatch  of 
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FACE 


Figure  8.  Spiral  bevel  gear  geometry 
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Figure  10.  Spiral  bevel  gear  contact  condition 
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the  teeth  (to  be  discussed  more  fully  later),  the  lines  of  contact  would 
eytend  theoretically  to  the  edges  of  the  rectangle.  Because  the  plane 
of  action  is  tangent  to  the  base  cone,  the  lines  of  contact  are  inclined 
to  the  cone  element  by  the  angle  instead  of  \\>  as  in  Figure  9. 

Because  contact  in  the  plane  of  action  of  spiral  bevel  gear  teeth 
is  in  two  dimensions,  there  are,  as  in  helical  gears,  two  contact  ratios. 
These  ratios  are  calculated  from  Equations  (25)  and  (26)  for  helical 
gears,  but  they  are  combined  differently  to  give  a  modified  contact 
ratio  as 


m0 


+  mc^ 


(31) 


where  mQ  =  modified  contact  ratio 


rrif  =  face  contact  ratio 


mc  =  transverse  contact  ratio 


Sliding  and  sum  velocities  between  tooth  contact  points  midway 
of  the  line  of  contact  VW  are  found  by  determining  the  components  of 
the  absolute  velocities  of  the  contact  points  on  the  pinion  and  gear  in 
the  tangent  plane. 


It  may  be  shown66  that  the  component  of  the  velocity  of  the 
point  of  contact  of  the  pinion  tooth  in  the  direction  along  the  tooth  ele¬ 
ment  is 


V  Fp  = 


Vn 


tan  + 


sin  4>n 


tan 

A  tan  y 


cos<|>n 


1 


A  cos  4* 


(32) 


where  VFp 


component  of  velocity  in  the  tangent  plane  of  contact 
point  on  pinion  along  tooth  element,  ips 


vn  =  normal  component  of  pitch  point  velocity  in  the  pitch 
plane,  ips 

^  =  mean  spiral  angle  (i.e.,  spiral  angle  at  mean  point, 

Fig.  9),  deg. 
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ZQ  =  distance  in  the  plane  of  action  from  center  of  contact 
to  projection  of  contact  point  in  mean  normal  section, 
in. 

4>n  =  pressure  angle  in  normal  plane,  deg. 

A  -  mean  cone  distance,  in. 

y  =  pinion  pitch  angle,  deg. 

The  component  of  the  velocity  of  the  point  of  contact  of  the  pinion 
tooth  in  the  profile  direction  is 


Pp  =  Vn  sin  <J>n  +  ZQ 


A  tan  y 


where  Vpp  =  component  of  velocity  in  the  tangent  plane  of  contact 
point  on  pinion  in  the  profile  direction,  ips 

Similar  equations  may  be  written  for  the  corresponding  contact 
point  on  the  gear,  in  the  tangent  plane,  as 


(34) 


Pg  Vn  SU1  *n  -  Zo  A  tan  r 


where  Vpg  =  component  of  velocity  in  tangent  plane  of  contact  point 
on  gear  along  tooth  element,  ips 

r  =  gear  pitch  angle,  deg. 


VPg 


component  of  velocity  in  tangent  plane  of  contact  point 
on  gear  in  the  profile  direction,  ips 


The  difference  and  the  sum  of  the  components  of  the  velocities 
in  the  two  directions  give  the  sliding  and  sum  velocity  components  in 
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the  direction  along  a  tooth  element  and  in  the  profile  direction.  Since 
these  directions  are  orthogonal,  these  resulting  components  may  be 
combined  to  give  the  sliding  and  sum  velocities  as 


v8  =  ;<VFp  -  VFg)2  +  (VPp  -  VPg)2  (36) 

Vt  =  y(VFp  +  VFg)2  +  (Vpp  +  Vpg)2  (37) 


In  order  to  apply  Blok's  conjunction  temperature  rise  equation, 
it  is  necessary  to  determine  the  time  for  a  contact  point  on  each  of  a 
pair  of  sliding  surfaces  to  cross  the  heat  zone,  the  area  of  contact 
between  the  two  surfaces.  This  requires  a  knowledge  of  the  distance 
across  the  contact  area.  In  spur  and  helical  gears,  this  distance  is 
the  same  for  the  point  of  contact  of  the  pinion  and  gear.  Because  the 
axes  of  spiral  bevel  gears  are  not  parallel,  the  corresponding  contact 
points  on  the  pinion  and  on  the  gear  move  across  the  area  of  contact  in 
different  directions. 


Figure  11  shows  a  typical  instantaneous  contact  area  in  the 
tangent  plane  of  a  pair  of  spiral  bevel  gears.  Vp  and  Vg  are  the  vector 
8 urns  of  the  velocity  components  VFp  and  Vpp  for  the  pinion,  and  VFg 
Vpg  for  the  gear,  respectively.  The  distance  that  the  contact  point  on 
the  pinion  travels  as  it  sweeps  across  the  contact  area  is  dp,  in  the 
direction  of  Vp.  Similarly,  the  distance  that  the  contact  point  on  the 
gear  travels  as  it  sweeps  across  the  contact  area  is  dg,  in  the  direc¬ 
tion  of  Vg.  These  distances  are 


/ 

*/  a2sin2  (an  +  to)  + 


b2cos2  (op  +  to ) 


(38) 


d„  =  2 


[— - 

tj  a2sin2  (a„  +  to)  + 


b2cos2  (ag  +  to) 


(39) 


where  dp  =  instantaneous  sliding  distance  of  the  pinion  aero?*  the 
contact  area,  in. 
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Figure  11.  Spiral  bevel  gear  kinematics 
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dg  =  instantaneous  sliding  distance  of  the  gear  across  the 
contact  area,  in. 

a  =  major  semiwidth  of  the  contact  ellipse,  in. 

b  =  minor  semiwidth  of  the  contact  ellipse,  in. 

Otp  =  angle  the  resultant  pinion  velocity  vector  makes  with 
pitchline,  deg. 

(*g  =  angle  the  resultant  gear  velocity  vector  makes  with 

the  pitchline,  deg. 

CO  =  angle  of  inclination  of  the  line  of  contact  with  the 
pitchline,  deg. 


>iral  Bevel  Gear  Statics 


In  this  section,  an  equation  for  the  tooth  contact  stress  will  be 
developed.  The  method  follows  that  of  Reference  66  to  which  the  reader 
is  referred  for  more  details.  Other  helpful  references  are  References 
67  and  68. 


Theoretically,  spiral  bevel  gear  teeth  should  operate  with  con¬ 
jugate  motion.  Contact  would  be  along  a  line  extending  diagonally 
across  the  tooth  surface,  and  moving  generally  from  the  heel  to  the  toe 
(or  reverse).  However,  because  of  their  sensitivity  to  the  effect  of 
manufacturing  and  assembly  tolerances,  and  deflection  under  loading, 
spiral  bevel  gear  teeth  do  not  operate  with  conjugate  motion.  Instead, 
contact  shifts  to  the  edge  and  load  concentrations  occur.  To  counter¬ 
act  this  shifting  of  load,  the  tooth  profiles  are  modified  to  produce 
"mismatch."  This  mismatch  causes  the  point  of  contact  to  move  back 
onto  the  tooth  face  and,  although  the  mating  surfaces  are  no  longer 
conjugate,  the  resulting  action  is  smoother  and  far  better  than  that 
produced  by  the  theoretical  conjugate  motion.  The  contact,  with  mis¬ 
match,  is  theoretically  a  point,  but  local  yielding  of  the  surface  results 
in  an  elliptical  contact  zone  (Fig.  11).  Reference  69  gives  an  excellent 
review  of  mismatch  techniques  used  in  industry. 

Since  the  mating  surfaces  of  spiral  bevel  gear  teeth  are  no 
longer  conjugate,  the  classical  Hertz  contact  stresses  between  cylinders 
do  not  apply.  Reference  66  uses  a  combination  of  experimental  results 
and  approximations  to  the  Hertz  theory  to  obtain  the  tooth  contact 
stress. 


Referring  to  Figure  10,  the  variable  f  measures  the  displace¬ 
ment  of  the  line  of  contact  VW  from  the  center  of  the  surface  of  action. 
In  the  load  analysis  to  be  presented  the  line  of  contact  VW  is  swept 
across  the  surface  of  action  by  varying  f  until  the  point  is  reached 
where  the  load  on  VW  is  a  maximum. 

From  Reference  67,  the  load  sharing  ratio,  the  ratio  of  the 
load  carried  on  the  line  VW  to  the  total  load  is 

mN  =  — -  (40) 

m3  +  a  +  b 


where  mj^  =  load  sharing  ratio 

Tjj  =  a  function  of  variable  dimension  f 


and 


n 

v 

/  r  z  -|3 

A  =  L 

k  =  i  ' 

/  Lr7 1  -  4kpN  (kpN  +  2f)J 

(41) 

(42) 


and  p^  =  mean  normal  base  pitch,  in. 

f  =  a  variable  dimension  locating  the  line  of  contact  VW  • 

with  respect  to  the  center  of  the  surface  of  action,  in. 

k  =  a  positive  integer  which  takes  on  successive  values 

from  1  to  n,  generating  all  real  terms  in  the  series  ♦ 

The  dimension  f  in  Figure  10  is  varied  from  -X\  II  to  +fj/2  until 
maximum  mN  is  obtained.  It  is  at  this  point  that  the  scoring  potential 
will  be  the  greatest. 
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The  length  of  the  contact  line  VW  is  given  byk? 


FZljj 


5G  = 


(43) 


where  Sq  =  length  of  the  contact  line  VW,  in. 

F  =  face  width,  in. 

Z  =  mean  length  of  path  of  contact  in  transverse  plane,  in. 

Tj  =  length  of  contact  normal  to  lines  of  contact,  in. 

The  normal  load  on  the  line  of  contact  VW  is 


where  Wj 
W 

consequently, 


Wj  =  WmN 


=  normal  load  on  line  of  contact  VW,  lb 


total  normal  loa  i,  lb 


W:  = 


Wt  mN 


j  COS  <t>  COS  ^ 


(44) 


(45) 


where  Wt  =  tangential  load  at  pitch  point,  lb 
<|>  =  pressure  angle,  deg. 

4*  =  mean  spiral  angle,  deg. 


C.  Spiral  Bevel  Gear  Dynamics 

The  actual  tooth  load  or  dynamic  load  is  greater  than  the  static 
load  for  exactly  the  same  reasons  as  for  spur  and  helical  gears.  The 
dynamic  load  is  caused  by  manufacturing  inaccuracies,  tooth  deflections 
and  system  dynamics. 
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The  Tuplin  method  for  determining  the  dynamic  factor  for  spur 
and  helical  gears  is  not  applicable  to  spiral  bevel  gears.  The  dynamic 
load  is,  instead,  evaluated  by  the  use  of  factors  relating  to  the  type  of 
dynamic  load-producing  function.  66 

The  dynamic  load  on  spiral  bevel  gears  is  obtained  from 

Wd  =  W^i  (46) 

J\v 


where  Wd  -  dynamic  load,  lb 

=  inertia  factor 

Ky  =  dynamic  factor 

The  inertia  factor  is  related  to  the  modified  contact  ratio,  m0. 
Because  there  are  normally  several  pairs  of  teeth  in  contact  simulta¬ 
neously,  load  transfer  is  smooth  and  the  inertia  factor  is  customarily 
taken  as  unity. 66-68  However,  if  mD  is  less  than  2,  load  transfer  ?s 
no  longer  smooth,  the  rotating  velocities  are  variable,  and  gear  inertia 
becomes  a  factor  in  the  dynamic  load.  For  a  modified  contact  ratio  of 
less  than  2,  the  inertia  factor  is  taken  as  Ki  =  2/m0. 

The  dynamic  factor6  is  defined  by  the  same  AGMA  formulas  for 
Kvi  and  Kv2,  i.  e. ,  Equations  (20)  and  (21),  respectively.  As  in  the 
case  of  helical  gears,  the  factor  Kv3  is  not  used  for  spiral  bevel  gears. 
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CHAPTER  VI 

BASIC  SCORING  PREDICTIVE  DATA 


A.  Disk  Test  Program 

As  mentioned  in  Chapter  I,  the  prediction  of  the  scoring -limited 
performance  of  gears  at  the  design  stage  is  a  far  more  difficult  task 
than  the  mere  avoidance  of  gear  scoring  by  design  without  regard  to  the 
performance  penalty  to  be  paid.  In  order  to  make  such  a  prediction,  it 
is  necessary  to  devise  a  suitable  predictive  scheme  and  to  develop  cer¬ 
tain  quantitative  data  that  are  required  in  the  predictive  process. 

The  formulation  of  the  predictive  scheme  can  be  approached 
essentially  in  three  ways.  One  way  is  to  lay  out  a  scheme  that  is  as 
completely  rational  as  possible,  regardless  of  how  complex  it  is.  How¬ 
ever,  for  reasons  enumerated  in  Chapters  II  through  V,  the  current 
state  of  the  art  does  not  permit  this  level  of  sophistication  without  a 
great  deal  of  further  work  on  the  basic  mechanism  of  scoring,  the 
thermal  behavior  involved,  as  well  as  the  influence  of  gear  mechanics. 
The  second  way  is  to  approach  the  problem  in  a  primarily  empirical 
manner,  such  as  the  current  AGMA  gear  scoring  design  guide, 3  which 
involves  assumptions  that  are  basically  arbitrary.  The  third  alterna¬ 
tive  is  to  devise  an  interim  scheme  which  recognizes  the  importance 
of  the  above-mentioned  basic  problems,  but  accepts  approximations 
without  waiting  for  definitive  answers  to  these  basic  problems.  One  of 
the  requirements  of  this  program  is  that  the  predictive  scheme  to  be 
developed  should  be  simple  enough  for  the  practical  engineers  to  u?e 
without  having  to  resort  to  elaborate  computer  programs;  but  yet  repre¬ 
sent  a  tangible  advance  beyond  the  current  state  of  the  art.  The  third 
alternative  is  believed  to  satisfy  this  requirement  best,  and  is  there¬ 
fore  the  one  adopted  herein. 

The  proposed  predictive  procedure  entails  two  basic  steps.  The 
first  step  is  to  estimate  the  ideal  scoring -limited  power -transmitting 
capacity  for  a  gear  set  assuming  no  tooth  misalignment  and  dynamic 
load.  The  second  step  is  to  apply  corrections  for  the  misalignment 
and  dynamic  effects,  thus  enabling  an  estimate  to  be  made  of  the  actual 
scoring -limited  power-transmitting  capacity  when  misalignment  and 
dynamic  load  are  inevitably  present.  This  chapter  of  the  report  will 
be  concerned  with  the  development  of  the  basic  data  for  predicting  the 
ideal  scoring-limited  power-transmitting  capacity.  The  prediction  of 
the  actual  scoring-limited  power-transmitting  capacity  will  be  taken 
up  in  the  next  chapter. 
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The  data  to  be  presented  in  this  chapter  were  generated  from 
controlled  sliding -rolling  disk  tests.  The  bulk  of  the  basic  informa¬ 
tion  was  deduced  from  187  disk  tests  performed  under  this  program, 
using  a  modified  Caterpillar  disk  tester  herein  designated  as  SwRI 
disk  tester  A  for  convenience,  carburized  AISI  9310  steel  test  disks 
of  10  different  surface  characteristics,  a  MIL-L-7808G  synthetic  oil 
(Oil  F)  and  a  MIL-L-23699  synthetic  oil  (Oil  E),  under  a  variety  of 
test  conditions. 

4 

The  10  disk  types  of  different  surface  characteristics  are 
herein  referred  to,  for  the  sake  of  brevity,  as  follows: 

Type  1  —  Soft  circumferentially -ground,  plain 

Type  1A  —  Soft  circumferentially-ground,  oxided 

Type  3  —  Rough  circumferentially-ground,  plain 

Type  3A  —  Rough  circumferentially- ground,  oxided 

Type  5  —  Honed,  plain 

Type  5A  —  Honed,  oxided 

* 

Type  7  —  Rough  cross -ground,  plain 

Type  7A  — ■  Rough  cross -ground,  oxided 

Type  9  —  Smooth  circumferentially-ground,  plain 

Type  9A  —  Smooth  circumferentially-ground,  oxided 

The  "plain"  disks  are  those  which  were  not  surface-treated  after  the 
grinding  or  honing  process.  The  "oxided"  disks  were  treated  with  a 
black  oxide  by  a  proprietary  process  after  grinding  or  honing  (App.  D). 

The  average  surface  characteristics  of  each  type  of  test  disk  pairs  are 
given  in  Table  D-l.  The  properties  of  the  test  steel  and  test  oils  are 
given  in  Appendixes  A  and  B. 

Some  of  the  test  results  from  the  above  disk  test  program,  as  . 

well  as  some  other  results  obtained  from  SwRI  disk  tester  A  have  been 
reported  earlier  in  the  literature. 25,  28  For  the  purpose  of  this  report, 
supplementary  information  was  also  extracted  from  tests  performed 
on  an  AFAPL  disk  tester26,  32  herein  designated  as  SwRI  disk  tester  B  • 

for  convenience;  published  results  from  a  Thornton  disk  tester;24,  29 
as  well  as  other  unpublished  results  of  disk  tests  conducted  in  the 
authors'  laboratory. 

A  brief  description  of  SwRI  disk  tester  A,  test  conditions  and 
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procedure,  and  a  summary  of  the  test  results  from  this  program  are 
presented  in  Appendix  D.  These  results,  together  with  the  results 
from  other  sources  as  mentioned  above,  will  be  examined  at  some 
length  in  the  subsequent  sections  of  this  chapter.  However,  some 
cursory  remarks  of  a  general  character  appear  pertinent  at  this 
juncture. 

Of  the  187  tests  reported  in  Appendix  D,  133  tests  were  per¬ 
formed  with  Oil  F  (MIL-L-7808G)  and  54  tests  with  Oil  E  (MIL-L- 
23699).  Viewed  in  another  way,  98  tests  were  performed  with  the 
plain  disks,  while  89  tests  were  performed  with  the  oxided  disks.  It 
is  of  interest  to  inquire  how  the  test  oil  and  the  surface  treatment 
influence  the  scoring-limited  performance  under  otherwise  comparable 
conditions. 

i 

I 

In  attempting  to  answer  the  above  question,  it  should  be  recog¬ 
nized  that  scoring  is  a  highly  scattered  phenomenon,  and  the  scoring 
loads  observed  in  even  the  best  controlled,  replicate  disk  tests  may 
vary  in  the  range  of  3  to  1  or  more  under  ostensibly  identical  test  con¬ 
ditions.^-  32  Consequently,  in  order  to  answer  the  above  question 
with  real  confidence,  a  large  number  of  replicate  tests  must  be  per¬ 
formed  for  each  disk-oil  combination  and  each  set  of  test  conditions; 
and  the  results  must  be  analyzed  statistically.  The  performance  Df  a 
large  number  of  replicate  tests  was  not  feasible  in  a  program  of 
limited  size  when  so  many  variables  must  be  varied.  It  was  therefore 
necessary  to  conduct  the  disk  tests  based  partially  on  prior  experience 
as  to  the  relative  importance  of  the  many  variables  involved,  and 
partially  on  the  major  emphasis  of  the  overall  program.  The  number 
of  tests  conducted  for  each  disk-oil  combination,  covering  all  sets  of 
test  conditions,  is  presented  in  Table  D-2.  For  each  disk-oil  combi¬ 
nation,  the  number  of  tests  conducted  for  each  set  of  test  conditions 
may  be  deduced  from  Tables  D-3  to  D-23,  which  also  present  the 
results  at  scoring  or  at  test  termination  for  each  test. 

In  Tables  D-3  to  D-23,  a  quantity  of  special  interest,  i.  e.,the 
critical  temperature,  Tcr>  for  each  set  of  replicate  tests  is  derived 
by  the  Weibull  analysis. 70  However,  for  the  sake  of  convenience,  the 
normal  load  reached  at  scoring,  W,  is  reported  only  in  terms  of  an 
algebraic  average. 

Effect  of  Test  Oil.  Figure  12  compares  the  average  scoring 
load,  Wf  (i.e.,  the  average  W  in  Tables  D-3  to  D-23),  of  Oil  E  with 
that  of  Oil  F,  for  those  disk-oil-test  variable  combinations  where 
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Figure  12.  Effect  of  test  oil  on  average  scoring  load 


comparative  results  are  available.  In  this  figure,  the  results  from 
the  different  disk  types  are  represented  by  different  symbols,  using 
the  hollow  symbols  for  the  plain  disks  and  the  solid  symbols  for  the 
oxided  disks.  Although  the  test  conditions  are  not  shown  in  the  figure, 
nor  is  this  information  necessary  for  the  present  comparison,  each 
plotted  point  gives  the  Wf  of  Oil  £  as  ordinate  vs.  the  corresponding 
Wf  of  Oil  F  as  abscissa.  It  is  obvious  that  if  the  two  oils  should  give 
equal  performance,  then  regardless  of  the  disk  type  and  test  conditions, 
all  plotted  points  would  lie  on  the  diagonal  line  shown. 

The  fact  that  these  points  show  a  great  deal  of  scatter  is  largely 
a  matter  of  statistics.  As  mentioned  earlier,  only  relatively  few  tests 
could  be  run  for  each  disk-oil-test  variable  combination.  As  a  matter 
of  fact,  of  the  5  points  that  lie  above  the  diagonal  line,  4  had  only  one 
test  conducted  on  Oil  E  while  the  remaining  point  had  only  2  replicate 
tests.  Since  the  range  of  scatter  of  the  scoring  load  cam  be  as  large 
as  3  to  1  or  more  as  mentioned  before,  not  much  confidence  should  be 
attached  to  these  points.  Thus,  taken  as  a  whole,  the  figure  suggests 
that  the  scoring  load  of  Oil  £  is  lower  than  that  of  Oil  F,  despite  the 
fact  that  Oil  E  has  a  higher  viscosity  than  Oil  F.  A  similar  result  was 
also  observed  in  tests  conducted  with  SwRI  disk  tester  B  using  different- 
size  test  disks,  with  Oils  E  and  F  and  another  straight  mineral  oil  of 
still  higher  viscosity. 2b  It  was  found  that  the  scoring  load  was  actually 
highest  with  Oil  F,  intermediate  with  Oil  E,  and  lowest  with  the 
straight  mineral  oil,  under  otherwise  identical  test  conditions.  The 
fact  that  oil  viscosity  as  such  affects  the  scoring  load  the  "wrong"  way 
is  clear  indication  that  elastohydrodynamic  lubrication  is  not  meaning¬ 
ful  in  controlling  scoring  as  previously  stated  in  Chapter  II.  Indeed, 
examination  of  Tables  D-3  to  D-23  will  show  that  the  computed  EHD 
film  thickness  ratio,  A  ,  for  all  except  a  very  few  tests  was  substan¬ 
tially  less  than  unity.  The  ratio  A  reported  in  these  tables  was  based 
on  the  computed  hm  by  Equation  (4)  without  applying  side  flow  and 
inlet  shear  thermal  corrections,  and  the  composite  surface  roughness 
of  the  disk  pair  at  scoring  as  defined  by  Equation  (B-2)  in  Appendix  B. 
The  few  instances  with  A  >  1  all  occurred  at  Vt  s  1080  ips,  when  the 
inlet  shear  thermal  correction  would  be  expected  to  be  more  significant. 
Moreover,  the  effect  of  inlet  starvation,  even  if  small  in  the  disk  tests, 
was  not,  nor  could  it  be,  accounted  for.  Besides,  it  was  very  difficult 
to  measure  accurately  the  surface  roughness  of  the  disks  after  they 
had  scored.  Finally,  the  definition  of  the  composite  surface  roughness 
of  the  disk  pair  is,  ifter  all,  quite  arbitrary  in  this  or  any  other  work, 
so  that  A  is  normally  expected  to  be  greater  than  unity  when  full, 
classical  elastohydrodynamic  lubrication  ceases  to  exist.  Considering 
all  these  factors,  as  well  as  the  preponderance  of  the  A  <  1  values 
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obtained  in  all  other  tests,  there  can  be  little  doubt  that  scoring  oc¬ 
curred  in  the  boundary  lubrication  regime  as  emphasized  from  the 
theoretical  standpoint  in  Chapter  II. 

The  fact  that  Oil  E  gave  less  scoring  protection  than  Oil  F, 
despite  its  higher  viscosity,  emphasizes  the  importance  of  surface 
chemistry  in  controlling  scoring — a  boundary  lubrication  phenomenon. 
No  attempt  has  been  made  to  draw  a  "weighted"  curve  in  Figure  12  for 
the  Wf(E)  vs.  Wf(F)  results,  because  their  relationsip  is  not  simple, 
but  depends  on  the  operating  conditions.  This  fact  will  be  obvious 
from  the  subsequent  sections  of  this  chapter. 

Effect  of  Surface  Treatment.  The  effect  of  surface  treatment 
is  presented  in  Figure  13,  in  a  similar  manner.  As  in  the  preceding 
case,  there  is  a  great  deal  of  scatter  in  the  results,  and  the  statistics 
are  generally  weak.  Nevertheless,  if  more  weight  is  given  to  those 
points  with  greater  number  of  tests  for  both  the  plain  and  oxided  cases, 
one  must  conclude  that  the  Wf  with  the  oxided  disks  is  generally  lower 
than  the  Wf  with  the  plain  disks.  Again,  the  reason  will  be  obvious 
later. 


The  use  of  black  oxide  surface  treatment  appears  to  be  detri¬ 
mental  from  the  scoring  standpoint,  except  with  cross-ground  disks  to 
be  discussed  later.  However,  this  detrimental  effect  is,  in  all  likeli¬ 
hood,  not  significant  in  actual  gears,  because  the  practical  limit  of 
scoring  for  actual  gears  is  generally  more  advanced  than  in  the  disk 
tests  where  the  "true"  incipient  scoring  can  more  readily  be  detected 
and  identified.  At  a  more  severe  level  of  scoring,  the  thin  black  oxide 
layer  is  apt  to  be  worn  off,  so  that  the  actual  gears,  whether  oxided 
or  not,  are  apt  to  behave  as  if  there  were  no  black  oxide  present  so 
far  as  scoring  i3  concerned.  The  practical  advantages  of  the  black 
oxide  treatment  are  apparently  that  it  serves  as  a  rust  preservative 
in  storage,  and  that  it  is  a  very  useful  aid  in  checking  the  accuracy  of 
gear  manufacture  or  assembly.  If  the  gear  alignment  is  poor,  or  if 
the  surface  contour  is  not  correct,  the  wearing  off  of  the  black  oxide 
layer  provides  a  convenient  visual  indication. 

Effect  of  Surface  Texture.  Before  leaving  Figures  12  and  13, 
it  is  of  interest  to  note  that,  despite  their  statistical  weakness,  there 
appears  to  be  a  tendency  for  the  cross-ground  disks  to  behave  better 
when  a  black  oxide  layer  is  present.  It  is  speculated  that  if  the  black 
oxide  should  offer  any  advantage,  it  would  be  more  apt  to  show  up  with 
cross -ground  disks  because  the  grinding  grooves,  which  are  normal 
to  the  sliding  motion,  tend  to  retain  the  black  oxide  better.  Apart 
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from  this,  it  will  be  seen  later  that  cross-ground  disks  give  a  lower 
coefficient  of  friction  than  circumferentially-ground  disks  of  equal 
composite  surface  roughness  even  without  a  black  oxide  treatment, 
possibly  due  to  micro-EHD  action. 40-42  This  is  of  course  beneficial 
from  the  scoring  viewpoint,  25  and  by  inference  from  the  viewpoint  of 
rubbing  wear  also.  There  is  also  evidence  that  the  presence  of  the 
micro-EHD  film  is  beneficial  from  the  viewpoint  of  pitting  as  well. 71 

Now,  since  sliding  in  gears  usually  takes  place  normal  to  or 
nearly  normal  to  the  grinding  grooves,  the  possible  advantage  suggested 
by  the  cross-ground  disks,  particularly  in  the  presence  of  a  black  oxide 
treatment,  is  certainly  worth  investigating.  Unfortunately,  due  to  cost 
and  disk  delivery  considerations,  only  very  few  tests  were  run  with 
cross-ground  disks  in  this  program. 

B.  Critical  Temperature 

As  originally  postulated  by  Blok,  16,17  and  subsequently  de¬ 
fended  by  him,  ^7  the  critical  temperature,  i.  e.  ,  the  maximum 
instantaneous  surface  temperature  in  a  sliding -rolling  conjunction  for 
scoring  to  occur,  is  a  function  of  the  metal-oil  combination  but  inde¬ 
pendent  of  the  surface  characteristics  and  operating  conditions.  On 
the  other  hand,  there  is  a  large  volume  of  experimental  disk  test 
data9,  1 0,  20-22,  24-26,  28- 30  to  show  that  Blok's  constant  critical  tem¬ 
perature  hypothesis  is  not  strictly  true.  This  controversy  cannot  be 
resolved  on  theoretical  ground.  However,  as  a  practical  design  index, 
much  depends  upon  how  much  accuracy  or  statistical  confidence  one 
wishes  to  attach  to  the  scoring  prediction.  It  is  the  authors'  current 
thinking  that  elaborate  refinements  on  the  critical  temperature  is 
justified  in  the  scoring  prediction  of  sliding-rolling  disks;  but  not  for 
gears  mainly  because  of  the  pronounced  effects  of  tooth  misalignment 
and  dynamic  load,  the  magnitudes  of  which,  as  will  be  seen  in  the  next 
chapter,  can  only  be  reasonably  well  inferred,  but  not  accurately 
established,  at  this  time. 

The  authors  have  shown2  5,  26,  28  that  the  effects  of  surface 
characteristics  and  operating  variables  on  the  critical  temperature 
of  a  given  metal-oil  combination  can  be  satisfactorily  expressed  by 


Tcr  =  F  (£  ,  M) 


(47) 


where  F  =  an  experimentally  determined  function,  and 
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(48) 


Mo2v.vt 

1  '  RJo  2 

K  CTm 

V  g 

M  =  ^  (49) 

where  Vg  =  sliding  velocity,  ips 

Vt  =  sum  velocity,  ips 

E,  =  a  dimensionless  parameter 

M  =  sliding -to -sum  velocity  ratio 

R  =  equivalent  radius  of  curvature  of  the  conjunction,  in. 
am  =  maximum  Hertz  stress  in  the  conjunction,  psi 
H0  =  oil  viscosity  at  the  conjunction  inlet,  lb-sec /in. ^ 

Equation  (47)  is  extremely  difficult  to  apply  to  practical  gear 
design.  This  is  partly  because  flo  is  very  sensitive  to  the  oil  tem¬ 
perature  at  the  conjunction  inlet,  T0,  and  thus  difficult  to  estimate 
accurately.  Also,  <Jm  is  difficult  to  estimate  because  misalignment 
and  dynamic  effects  cannot  be  accurately  quantified.  Therefore,  for 
the  present  purpose,  a  simpler  approach  which  requires  no  estimates 
of  these  quantities,  is  being  proposed. 

Oil  F.  The  critical  temperature  data  for  Oil  F  (MIL-L-7808G) 
in  combination  with  AISI  9310  steel  are  presented  in  Tables  D-3  to 
D-13  for  the  different  disk  types  and  operating  conditions.  Consider 
the  plain,  rough  circumferentially-ground  disks  (Type  3)  for  the  time 
being,  the  effects  of  Vs  and  Vt,  at  three  constant  M  values,  are  pre¬ 
sented  in  Figures  14  and  15,  respectively. 

In  Tables  D-3  to  D-13,  data  for  the  scoring  temperature,  Tcr, 
for  all  individual  sets  of  replicate  tests,  at  10-percent  probability  by 
Weibull  analysis,  are  given,  together  with  their  90-percent  confidence 
limits.  These  are  shown  in  the  two  figures  by  appropriate  symbols 
and  vertical  bars,  except  that  they  are  now  designated  as  Tf  as  a 
matter  of  clarification.  The  symbol  Tcr  is  now  reserved  to  represent 
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Figure  15.  Effect  of  sum  velocity  on  critical  temperature 
for  Oil  F  and  AISI  9310  steel 
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a  constant  critical  temperature  by  pooling  all  of  the  data  on  Oil  F- 
Disk  Type  3  combination  together  by  a  similar  Weibull  analysis.  The 
point  for  Vs  =  120  ips  and  M  =  0.  2  signifies  that  its  Tf  is  higher  than 
shown,  since  no  scoring  was  obtained  (Tests  FI  30,  FI  86,  FI  87, 

Table  D-5). 

Close  examination  of  the  data  presented  in  the  two  figures  will 
show  that  Tf  does  indeed  vary  with  Vs  at  constant  Vf,  and  also  with 
Vf  at  constant  Vs,  as  previously  reported. 25,  26,  29  However,  it  is 
evident  that  these  variations  are  generally  not  significant  when  com¬ 
pared  with  the  confidence  limits  involved.  In  view  of  this  fact,  the 
pooled  result  of  all  61  tests  for  this  particular  metal-oil  combination  9 

at  10-percent  scoring  probability  can  be  regarded  as  constant  and 
independent  of  operating  conditions,  defined  herein  as  its  critical  tem¬ 
perature,  Tcr.  In  this  case,  Ter  =  450°F  and  the  lower  and  upper 
90-percent  confidence  limits  are  415°  F  and  488°  F,  respectively. 

While  the  above  analysis  supports  Blok's  hypothesis  on  a  sta¬ 
tistical  basis  so  far  as  the  effect  of  operating  variables  are  concerned, 
it  has  been  found  that  the  effect  of  surface  roughness  appears  more 
significant  and  can,  at  any  rate,  be  conveniently  accounted  for.  This 
situation  is  summarized  in  Table  3,  which  includes  data  not  only  from 
this  program;  but  also  from  other  tests  on  similar  metal-oil  combi¬ 
nations  performed  in  the  authors'  laboratory.  Among  these  other 
tests,  those  on  Type  X  disks  (circumferentially-ground)  were  con¬ 
ducted  also  with  SwRI  disk  tester  A,  while  those  on  Type  Y  disks 
(honed)  were  conducted  with  SwRI  disk  tester  B.  Note  that  the  number 
of  tests  included  in  the  pooled  Weibull  analysis  does  not  necessarily 
correspond  with  the  number  of  scored  tests  given  in  Table  D-2.  This 
is  because  some  of  the  unscored  tests  at  high  loads  were  treated  in 
the  Weibull  analysis  as  suspended  tests. 

Figure  16  presents  the  above  results  in  graphic  form.  Note  that 
the  critical  temperature,  Tcr,  quite  consistently  decreases  with  in¬ 
creasing  the  initial  composite  surface  roughness  of  the  disk  pair,  6^;  ♦ 

and  is  generally  lower  for  the  oxided  disks  than  for  the  plain  disks. 

Moreover,  within  the  90-percent  confidence  limits,  neither  the  surface 
texture  (i.  e. ,  whether  the  surfaces  are  circumferentially-ground, 
cross-ground,  or  honed)  nor  the  small  variation  of  surface  hardness  * 

makes  a  significant  difference.  Accordingly,  since  more  tests  are 
available  for  the  plain  disks,  its  Tcr  vs.  6^  line  has  been  established 
by  linear  regression.  The  line  for  the  oxided  disks  is  then  drawn 
parallel  to  that  for  the  plain  disks,  giving  some  weight  on  the  statis¬ 
tical  distribution.  The  equations  for  the  two  straight  lines  are 
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TABLE  3.  CRITICAL  TEMPERATURE  FOR  OIL  F 
AND  AISI  9310  STEEL  DISKS 


No.  of  Confidence 


Disk 

type 

•i. 

jjin. 

R  c 

M 

tests  in 
analysis 

T 

1  cr, 

°F 

limits 

Lower 

Upper 

Plain  disks 

1 

26.0 

58 

0.  556 

5 

425 

386 

468 

3 

24.0 

62 

Mixed 

61 

450 

415 

488 

7 

23.  5 

62 

0.  556 

6 

480 

402 

574 

X 

15.2 

62 

0.  333 

5 

408 

345 

483 

9 

9.  5 

62 

0.  556 

3 

530 

362 

775 

Y 

6.  0 

62 

Mixed 

86 

490 

458 

524 

5 

5.5 

62 

0.  556 

3 

560 

532 

590 

Oxided  disks 

1A 

26.  0 

58 

0.556 

4 

330 

290 

372 

3A 

24.  0 

62 

Mixed 

27 

355 

292 

432 

7A 

23.  5 

62 

0.  556 

4 

445 

393 

504 

9A 

9.5 

62 

0.  556 

6 

440 

304 

636 

5A 

5.  5 

62 

0.  556 

5 

500 

403 

620 
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Figure  16,  Effect  of  initial  composite  surface 
roughness  on  critical  temperature 
for  Oil  F  and  AISI  9310  steel 
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Plain  surfaces: 


(50) 


Tcr  =  540  -  3.  80 
Oxided  surfaces:  Tcr  =  460  -  3.  80  6^ 


(51) 


where  Tcr  =  critical  temperature  for  Oil  F  and  AISI  9310  steel 
combination,  *F 

6^  =  initial  composite  surface  roughness  of  the  mating 

surfaces,  jjin.  AA 

The  above  equations  can  of  course  be  criticized  for  not  using 
the  prevalent  composite  surface  roughness  at  the  moment  of  scoring. 
The  reasons  for  using  here  the  initial  value,  6j,  are  several.  First, 
the  prevalent  surface  roughness,  though  theoretically  correct,  is  dif¬ 
ficult  to  measure  even  on  disks;  and  the  after- scoring  measurement  is 
not  necessarily  the  correct  one  since  tests  cannot  be  stopped  instanta¬ 
neously  and  some  or  severe  surface  deterioration  inevitably  occurs  in 
the  stopping  process.  Second,  in  practice,  the  initial  surface  rough¬ 
ness  of  gears  can  be  measured;  but  the  surface  roughness  in  service 
depends  on  the  length  of  service  and  operating  conditions,  and  is  thus 
a  nebulous  quantity.  Third,  if  the  gears  are  properly  broken  in  and 
put  into  service,  the  surfaces  generally  become  smoother.  Thus, 
scoring  is  most  prone  to  occur  when  the  gear  set  is  first  run  under 
the  design  conditions;  and  once  this  hurdle  is  crossed,  scoring  is  not 
likely  to  occur  unless  the  operating  conditions  are  drastically  made 
more  severe.  Considering  these  factors,  it  is  felt  that  6^  is  more 
within  the  control  of  the  designer  and  is  usually  the  critical  quantity 
to  watch.  Of  course,  if  a  prescribed  break-in  procedure  is  followed, 
the  surface  roughness  after  the  break-in  would  be  a  better  figure  to 
use  if  it  is  measured,  or  it  can  be  estimated  if  not  measured  such  as  by 
the  relationship  reported  in  Reference  25.  In  those  instances  where 
severe  operating  conditions  are  anticipated  after  extended  service,  it 
is  certainly  wise  to  measure  the  surface  roughness  before  that  occurs, 
and  use  what  amounts  to  the  6i  for  that  new  set  of  operating  conditions. 

Oil  E.  The  critical  temperature  data  for  Oil  E  (MIL-L-23699) 
in  combination  with  AISI  9310  steel,  given  in  Tables  D-14  to  D-23  in 
Appendix  D,  may  be  treated  similarly.  Table  4  presents  a  summary 
of  the  data  based  on  these  results,  plus  data  from  Type  Z  disks  (cir¬ 
cumferentially-ground)  of  a  similar  metal-oil  combination  obtained 
also  with  SwRI  disk  tester  A. 

It  should  be  noted  that  the  data  for  Oil  E  are  statistically  much 
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TABLE  4.  CRITICAL  TEMPERATURE  FOR  OIL  E 


Disk  6i# 

type  yin. 

Rc 

AND  AISI  9310  STEEL  DISKS 

No.  of 

tests  in  TCr* 

M  analysis  8F 

Confidence 
limits,  °F 

Lower  Upper 

Plain  disks 

3  24. 0 

62 

0.  333 

1 

406 

— 

— 

7  2  3.  5 

62 

Mixed 

6 

573 

479 

685 

Z  16. 7 

62 

0.  333 

5 

480 

426 

540 

9  9. 5 

62 

Mixed 

5 

572 

516 

634 

5  5.  5 

62 

0.  333 

3 

440 

413 

468 

Oxided  disks 

3A  24. 0 

62 

Mixed 

18 

340 

276 

419 

9A  9.  5 

62 

Mixed 

7 

380 

309 

468 

5A  5. 5 

62 

Mixed 

8 

345 

252 

473 
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weaker  than  for  Oil  F  presented  in  Table  3.  Consequently,  some 
liberty  must  be  taken  in  treating  these  data.  The  two  straight  lines 
drawn  in  Figure  17  are  based  on  the  assumption  that  the  slope  of  the 
two  lines  is  the  same  as  that  in  Figure  16,  while  giving  some  weight 
to  statistics.  With  this  assumption,  the  equations  for  the  two  straight 
lines  are 

Plain  su rfaces :  Tcr  =  515  -  3.  80  6^  (52) 

Oxided  surfaces:  Tcr  =  41  5  -  3.  80  6  j  (53) 

where  Tcr  =  critical  temperature  for  Oil  E  and  AISI  9310  steel 
combination,  °F 

6j  =  initial  composite  surface  roughness  of  the  mating 
surfaces,  pi n,  AA 

C.  Coefficient  of  Friction 


Apart  from  the  critical  temperature,  the  coefficient  of  friction 
is  another  primary  parameter  in  controlling  scoring.  For  general 
performance  analysis,  the  friction  behavior  through  the  entire  range 
of  EI1D  to  boundary  lubrication  is  of  interest.  However,  for  scoring 
analysis,  emphasis  should  clearly  be  on  the  boundary  friction  regime. 

Attempts  to  generalize  the  friction  behavior  of  sliding  -  rolling 
systems  havenotbeen  fruitful. 9,  10  This  is  because  friction  is  not  only 
exceedingly  difficult  to  determine  accurately  by  experiment,  but  also 
equally  difficult  to  understand  theoretically.  Consequently,  empirical 
approach  has  been  necessary,  and  considerable  uncertainties  must  be 
expected. 

The  authors  have  attempted  to  correlate  the  coefficient  of  fric¬ 
tion  of  sliding  -  rolling  disks  with  the  dimensionless  parameters  t,  and 
M  mentioned  in  the  preceding  section  of  this  chapter.  But  due  essen¬ 
tially  to  the  same  reasons,  this  method  has  been  found  to  be  most  dif¬ 
ficult  to  employ  in  practical  gear  design.  Accordingly,  a  simpler 
correlation  was  proposed  recently, 28  which  will  be  used  herein. 

Oil  F.  Figures  18  and  19  for  Oil  F  and  plain,  circumfer¬ 
entially-ground  and  c ross -ground,  AISI  9310  steel  disks  are  taken  from 
Reference  28  to  illustrate  the  nature  of  the  correlation.  In  these 
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Figure  17.  Effect  of  initial  composite  surface 
roughness  on  critical  temperature 
for  Oil  E  and  AISI  9310  steel 
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Figure  18.  Friction  behavior  of  plain  circumferentially- 
ground  AISI  9310  steel  disks  with  Oil  F 
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figures,  the  coefficient  of  friction,  f  ,  is  related  to  the  quantity  WV8‘*, 
where  W  is  the  normal  load,  lb,  and  V8  is  the  sliding  velocity,  ips.  It 
should  be  remarked  that  literally  hundreds  of  data  points  are  available 
not  only  from  the  disk  scoring  tests,  but  also  from  a  great  deal  of 
additional  friction  measurements.  However,  for  the  sake  of  clarity, 
only  very  few  "extreme  values"  are  shown  in  the  figures  to  indicate 
the  scatter  involved,  which  is  about  ±20  percent  from  the  average 
curves  at  high  values  of  WV8_I  (a  range  of  greater  interest  in  scoring 
prediction)  and  about  ±40  percent  at  low  values  of  WVs-3.  Within  this 
scatter  range,  it  is  seen  that  f  bears  an  approximate  relationship  to 
WV3-I. 


By  comparing  the  two  figures,  it  will  be  noted  that  at  the  same 
value  of  WVg'T,  f  is  somewhat  lower  with  the  cross-ground  disks  than 
with  the  circumferentially-ground  disks,  even  though  the  composite 
surface  roughness  of  the  cross -ground  disks  was  slightly  greater. 

This  could  be  due  to  a  micro-EHD  effect. 25 

Figures  18  and  19  were  based  on  partial  data  available  in  1973. 
The  more  complete,  updated  results  are  now  presented  in  Figure  20, 
for  all  10  disk  types  investigated.  For  the  sake  of  clarity,  these  up¬ 
dated  results  are  presented  herein  merely  as  average  curves,  by 
omitting  the  data  points.  Note  that  with  more  data  on  the  rough,  cir¬ 
cumferentially-ground  disks  (Type  3),  the  average  6i  is  raised,  as  is 
the  average  f.  Otherwise,  the  general  trends  and  maximum  scatter 
are  about  the  same  as  in  Figures  18  and  19. 

Figure  20  reveals  two  items  of  major  interest.  First,  with  the 
exception  of  the  cross-ground  disks,  the  coefficient  of  friction  is  not 
measurably  influenced  by  the  black  oxide  surface  treatment.  The  sub¬ 
stantially  lower  f  observed  for  the  Type  7A  (oxided,  cross-ground) 
disks  is  based  on  data  from  only  4  scoring  tests  with  Oil  F  (Table 
D-ll).  However,  2  other  tests  run  on  Type  7A  disks  with  Oil  E  (Table 
D-21)  gave  similar  results.  These  data  are  admittedly  skimpy;  but 
the  enormous  effect  observed  is  certainly  intriguing.  As  suggested  in 
the  preceding  section,  this  effect  could  be  due  to  the  fact  that  the 
grinding  grooves  normal  to  the  sliding  direction  tend  to  help  retain 
the  black  oxide  in  the  grooves.  A  similar  mechanism  is  not  present 
for  all  other  surface  textures. 

The  other  item  of  interest  is  that  the  value  of  f  on  the  flat  por¬ 
tion  of  each  curve,  where  i  could  be  determined  more  accurately, 
generally  increases  with  increasing  the  composite  surface  roughness 
of  the  disk  pair.  However,  one  wonders  what  effects  the  surface 
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Figure  20.  FricUjn  behavior  of  ten  types  of  AISI  9310 
steel  disks  with  Oil  F 


86 


texture  and  hardness  might  have  on  the  friction  behavior.  These 
latter  effects  will  now  be  examined. 

Figure  21  portrays  the  relationship  between  the  flat- value  f 
and  6i,  without  including  the  data  for  Type  7A  disks.  In  the  absence 
of  more  data,  it  is  believed  logical  to  infer  that  the  effect  of  fli  on  f  is 
best  represented  by  a  straight  line  through  the  points  for  the  smooth 
circumferentially-ground  (Types  9  and  9A)  and  rough  circumferentially- 
g round  (Types  3  and  3A)  disks.  If  this  inference  is  correct,  then  the 
higher  f  for  the  soft  circumferentially-ground  disks  (Types  1  and  1A) 
appears  to  be  largely  due  to  their  lower  case  hardness.  The  lower 
f  for  the  cross -ground  disks  (Type  7)  then  appears  to  be  due  to  a 
micro-EHD  effect  suggested  previously.  Finally,  the  lower  f  for  the 
honed  disks  (Types  5  and  5A)  appears  to  be  due  to  their  "neutral 
texture,"  a  surface  texture  which  does  not  provide  leakage  paths  for 
the  oil  in  the  conjunction  as  does  the  circumferentially-ground 
grooves. 

It  should  be  remarked  that  the  general  level  of  f  shown  here 
is  much  lower  than  that  assumed  in  the  AGMA  gear  scoring  design 
guide, 3  and  the  effect  of  surface  roughness  on  f  is  also  less.  A 
detailed  comparison  of  the  AGMA  friction  behavior  with  that  observed 
here  is  presented  in  Appendix  E  for  the  sake  of  convenience.  It  is  only 
necessary  to  state  that  the  level  and  trend  observed  in  this  work  are 
generally  consistent  with  those  obtained  for  the  same  and  other  oil- 
disk  combinations  on  both  SwRI  disk  testers  A  and  B,^»  ^  as  well 

as  those  reported  on  mineral  oils  and  different  disks  using  the  Thornton 
disk  tester.24,  29,  72 

In  order  to  adapt  the  information  presented  in  Figures  20  and 
21  to  computer  programs,  one  way  is  to  use  first  the  data  from 
Figure  20  recognizing  that  they  apply  only  to  the  particular  6}  values 
specified,  and  then  apply  a  correction  for  the  effect  of  6}  by  assuming 
the  same  f  vs.  6}  slope  for  all  surface  textures  as  that  for  the  cir¬ 
cumferentially-ground  case  shown  in  Figure  21.  Another  way  is  to 
approximate  the  curves  in  Figures  20  and  21  by  straight  lines,  so  that 
the  variations  can  be  written  as  equations  for  convenience. 

For  this  approximation,  it  is  assumed  that  each  curve  in 
Figure  20  may  be  represented  by  a  horizontal  line  (i.  e.,  constant  f) 
for  WVa’i2  200,  and  by  an  inclined  straight  line  (i.e. ,  an  exponential 
variation  of  f  with  WV8-i)  for  WV8‘i  <  200  lb-seci/in.i  The  slope  of 
the  f  vs.  6}  line  in  Figure  21  is  0.00007  per  fii n.  AA.  Using  these 
values  it  can  be  readily  shown  that  the  friction  equations  for  Oil  F  and 
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Figure  21.  Effect  of  initial  composite  surface  roughness 
on  friction  for  Oil  F  and  AISI  9310  steel 
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wmxmmm,  wm 

AISI  9310  steel  combination  are  as  follows. 

I 

R 

For  plain  an!  oxided  circumferentially- ground  surfaces: 

i 

f  =  (0.0920  +  0.00034  6^  (WVg"V°*  3 

• 

at  WV8_*  <  200 

(54) 

f  =  0.  0188  +  0.  00007  64 

m 

I 

1 

at  WV8  3  *  200 

(55) 

I 

i 

For  plain  cross-ground  surfaces: 

t 

i 

j 

f  =  (0.  0755  +  0.00034  6t)  (WV8'V°‘ 3 

i 

i 

at  WVS'3  <  200 

(56) 

i 

f  =  0.  0154  +  0.  00007 

! 

! 

1 

i 

at  WV8“*  *  200 

(57) 

For  oxided  cross-ground  surfaces: 

f  =  (0.0407  +  0.00034  6i)  (WV8'3)"0,  3 

i 

at  WV8‘3  <  200 

(58) 

f  =  0.  0083  +  0.  00007  6t 

i 

at  WV8‘3  *  200 

(59) 

For  plain  and  oxided  honed  surfaces: 

f  =  (0.  0789  +  0.  00034  6i)  (WV8'V°'  3 

at  WV8-3  <  200 

(60) 

89 

3 

f  =  0.  0161  +  0.  00007  6X 

i 

at  WV8'3  *  200  (61) 


In  Equations  (54)  to  (61),  W  =  normal  load,  lb;  Vs  =  sliding  velocity, 
ips;  and  6i  =  initial  composite  surface  roughness  of  the  mating  sur¬ 
faces,  fjin.  AA.  The  reasons  for  using  the  initial  composite  surface 
roughness  were  given  in  the  preceding  section. 

Oil  E.  Within  the  precision  of  the  friction  measurements,  the 
friction  behavior  of  AISI  9310  steel  disks  is  substantially  the  same  with 
Oil  E  as  with  Oil  F.  Equations  (54)  to  (61)  are  therefore  also  recom¬ 
mended  for  use  with  Oil  E  and  AISI  9  310  steel  combination. 


Surface  Temperature 


According  to  the  critical  temperature  hypothesis  (Chap.  II, 

Sect.  B),  the  scoring -limited  power-transmitting  capacity  is  controlled 
by  the  maximum  rise  of  the  instantaneous  surface  temperature  in  the 
conjunction,  AT.  Assuming  that  the  critical  temperature,  lCr»  i8 
known,  it  is  then  necessary  to  estimate  the  quasi-steady  surface  tem¬ 
perature,  Ts,  in  order  to  arrive  at  an  estimate  for  AT. 


The  value  of  Ta  is  determined  by  the  frictional  power  loss  in  the 
conjunction  and  the  heat  loss  to  the  environment  by  various  heat  trans¬ 
fer  processes.  The  frictional  power  loss  is  defined  as 


i 


$  =  fWVs/9336 


(62) 


where  <$>  =  frictional  power  loss,  Btu/scc 

f  =  coefficient  of  friction 
W  =  normal  load,  lb 
V8  =  sliding  velocity,  ips 

The  heat  transfer  processes  vary,  of  course,  with  the  system  con 
figuration  and  operating  conditions. 
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The  authors  showed  in  a  recent  publication^  that  for  a  specific 
system  configuration  and  operating  conditions,  in  steady  operation, 
the  following  approximate  relationship  holds: 


T 
-1  s 


(63) 


where  Tj  =  oil  jet  temperature,  #F 

C,n  =  fitting  constants 

Figure  22  illustrates  such  a  relationship^  for  SwRI  disk  tester  A, 
using  a  "horn"  to  supply  the  test  oil  to  the  exit  side  of  the  conjunction 
and  halfway  around  both  disks  (Fig.  D- 1 ,  App.  D).  Plain,  rough 
circumferentially-ground  (Type  3)  and  cross-ground  (Type  7)  disks 
were  used.  The  test  oil  was  Oil  F,  the  total  oil  flow  rate  was  20  gpm, 
and  Tj  was  140#F  and  190#F.  The  operating  conditions  (i.  e. ,  V8,  V>, 
and  W)  were  varied  over  a  wide  range.  For  the  sake  of  clarity,  the 
plotted  points  do  not  include  all  available  data;  but  they  do  portray  the 
maximum  scatter  of  the  data,  which  are  due  largely  to  errors 
in  the  friction  measurement  as  explained  in  the  preceding  section. 

Note  that  within  the  experimental  scatter,  the  relationship  is  as  shown 
by  Equation  (63);  and  this  relationship  is  not  systematically  influenced 
by  the  disk  type,  the  oil  jet  temperature,  or  the  operating  conditions. 

Figure  23  presents  the  more  complete  data  for  SwRI  disk  tester 
A,  using  both  Oil  E  and  Oil  F,  supplied  by  the  horn  at  20  gpm  total 
flow  rate,  at  140#F  and  190°F  jet  temperatures,  all  10  disk  types 
investigated  in  this  program;  and  with  test  conditions  widely  varied. 
Again,  the  plotted  points  indicate  the  maximum  scatter  observed.  It 
is  seen  that,  within  the  scatter  range,  the  data  exhibit  an  almost 
identical  exponential  relationship  as  that  shown  in  Figure  22 — a  rela¬ 
tionship  essentially  unaffected  by  the  disk  type  or  surface  character¬ 
istics,  the  oil  or  the  oil  jet  temperature,  or  the  operating  conditions. 

Figure  24  shows  the  trends  computed  from  data  reported  by 
Bell  and  Dyson, 24,  29  using  the  Thornton  disk  tester.  The  test  disks 
were  straight  cylindrical  disks  made  of  EN  34  steel,  at  two  levels  of 
surface  finish,  F.  A  straight  mineral  oil  and  the  same  oil  with  an 
EP  additive  were  used.  The  oil  was  supplied  by  means  of  two  jets, 
located  on  the  inlet  and  exit  sides  of  the  conjunction.  The  tests 
covered  two  Tj  and  total  oil  flow  rate  combinations;  and  the  test  con¬ 
ditions  were  widely  varu  d.  It  is  seen  that  an  exponential  relationship 
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Figure  22.  Variation  of  (Ts  -  Tj)  with  4>  for 
Oil  F  and  two  disk  types 
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Figure  23.  Variation  of  (Ts  -  Tj)  with  <j>  for 
Oils  E  and  F  and  ten  disk  types 
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Figure  24.  Variation  of  (Tg  -  Tj)  with  $  based  on 
the  results  of  Bell  and  Dyson 
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also  holds,  one  for  each  oil  flow  rate;  and  each  such  relationship  is 
not  significantly  affected  by  the  oil  or  the  oil  jet  temperature,  the 
surface  finish  of  the  disks,  or  the  operating  conditions. 

The  preceding  figures  serve  to  show  that  the  (Ts  -  Tj)  vs.  4* 
relationship  is  essentially  exponential  and  not  affected  by  the  disk 
material,  disk  surface  characteristics,  and  oil  type;  and,  within  the 
range  of  the  investigation,  not  affected  also  by  the  oil  jet  temperature 
and  operating  conditions.  In  other  words,  while  these  factors  are 
expected  to  affect  the  magnitude  of  friction,  they  do  not  appreciably 
affect  the  relationship  between  (Ts  -  Tj)  and  <j>  since  friction  enters  the 
makeup  of  both  (T8  -  Tj)  and  4>  almost  similarly.  On  the  other  hand, 
the  quantitative  behavior  is  seen  to  be  significantly  influenced  by  the 
oil  flow  rate  and,  by  implication,  the  disposition  of  the  oil  jet  and  the 
system  design,  i.  e.  ,  by  those  considerations  which  control  the  overall 
heat  cransfer  from  the  disks.  This  latter  situation  is  well  illustrated 
by  Table  5. 

In  compiling  the  information  presented  in  Table  5,  it  was  found 
that  the  data  shown  in  Figures  22,  23,  and  24,  as  well  as  those  to  be 
discussed,  all  yield  a  value  of  n  of  about  0,80  in  Equation  (63);  but  the 
value  of  C  depends  on  those  factors  which  influence  the  overall  heat 
transfer.  In  other  words,  Equation  (63)  may  now  be  written  as 

Ts  -  Tj  =  CO0’80  (64) 

and  the  constant  C  is  the  sole  parameter  which  reflects  the  system's 
thermal  characteristics.  For  example,  the  data  for  SwRI  disk  teeter 
A  with  the  horn  oil  jet  at  a  total  oil  flow  rate  of  20  gpm  (i.  e.  ,  Figs. 

22  and  23)  represent  Case  1  0  in  Table  5,  and  the  corresponding  value 
of  C  is  55.  The  data  for  the  Thornton  disk  tester  with  inlet-exit  oil 
jets  (Fig.  24)  yield  C  =  285  at  a  total  oil  flow  rate  of  0.  30  gpm  (Case  6), 
and  C  =  200  at  a  total  oil  flow  rate  of  0.  38  gpm  (Case  7). 

The  variation  of  C  shown  in  Table  5  with  the  oil  flow  rate  is 
presented  in  Figure  25.  Note  that  the  value  of  C  is  generally  highest 
with  the  Thornton  disk  tester,  intermediate  with  SwRI  disk  tester  B, 
and  lowest  with  SwRI  disk  tester  A  —  reflecting  the  influence  of  design 
on  system  heat  transfer.  Note  further  that  with  the  same  SwRI  disk 
tester  B  at  two  constant  oil  flow  rates,  the  exit  jet  location  gives  a 
lower  value  of  C,  or  more  effective  cooling,  than  the  inlet  jet  location. 
While  this  latter  effect  is  believed  to  be  real  and  is  apparently  also 
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TABLE  5.  VALUE  OF  C  FROM  THREE  DISK  TESTERS 


Case 

Disk 

tester 

Oil 

jet 

type 

Disk 

material 

Disk 

type 

Oil 

type 

•V 

Oil 

flow, 

gpm 

C 

1 

SwRI  B 

Inlet 

AISI  9310 

Honed 

Oil  F 

190 

0.033 

360 

2 

SwRI  B 

Inlet 

AISI  9310 

Honed 

Oil  F 

190 

0.25 

180 

3 

SwRI  B 

Exit 

AISI  9310 

Honed 

Oil  F 

190 

0.033 

260 

4 

SwRI  B 

Exit 

AISI  9310 

Honed 

Oil  F 

190 

0.25 

130 

5 

SwRI  A 

Exit 

SAE  8620 

Circ. 

Mineral  Varied 

0.50 

125 

6 

Tho  mton 

In-exit 

EN  34 

Circ. 

Mine  ral 

104 

0.  30 

285 

7 

Tho  mton 

In -exit 

EN  34 

Circ. 

Mine  ral 

169 

0.  38 

200 

8 

SwRI  B 

Horn 

AISI  9310 

Honed 

Oil  F 

190 

2.5 

100 

9 

SwRI  B 

Horn 

AISI  9310 

Honed 

Oil  F 

190 

10 

100 

10 

SwRI  A 

Horn 

AISI  9310 

Varied 

E  &  F 

Varied 

20 

55 
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Figure  Z5.  Variation  of  C  with  total  oil  flow  rate  and 

system  design 
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experienced  in  gear  operation,  a  single  curve  is  herein  drawn  for 
SwRI  disk  tester  B  to  emphasize  the  major  trends,  namely,  the  oil 
flow  rate  and  the  tester  design.  Finally,  the  effect  of  oil  flow  rate 
on  C  is  quite  marked  at  low  flow  rates,  and  generally  tends  to  level 
off  at  high  flow  rates. 

It  is  believed  that  Equation  (64),  with  the  value  of  C  judiciously 
selected  (such  as  from  Fig.  25  or  further  refined  data),  gives  a  tangi¬ 
ble  basis  for  estimating  the  value  of  Tg.  In  the  AGMA  gear  scoring 
design  guide, an  implied  assumption  is  that  Ts  is  equal  to  Tj.  It  is 
obvious  from  the  data  presented  herein  that  this  assumption  is  far 
from  being  true. 

E.  Conjunction-Inlet  Oil  Temperature 

The  temperature  of  the  oil  at  the  conjunction  inlet,  T0»  is  of 
interest  mainly  in  elastohydrodynamic  film  thickness  calculations 
(App.  C).  Although  EHD  film  thickness  will  not  receive  emphasis  in 
this  report  for  reasons  given  in  Chapter  II,  Section  C,  information 
for  estimating  T0  is  presented  for  the  sake  of  completeness. 

Figure  26  shows  the  variation  of  (T0  -  Tj)  with  *  previously 
reported**®  for  SwRI  disk  tester  A,  Types  3  and  7  disks,  Oil  F  supplied 
by  the  horn  at  20  gpm  flow  rate,  at  Tj  =  140®F  and  190®F.  Figure  27 
presents  the  more  complete  results  for  the  same  tester  and  horn, 
same  Tj  and  oil  flow  rate,  Oil  E  and  Oil  F,  and  the  10  disk  types. 

Note  that  substantially  the  same  exponential  relationship  is  shown  in 
these  figures.  This  relationship  may  be  represented  by 

T0  -  Tj  =  Co*  0,80  (65) 


where  T0 


conjunction -inlet  oil  temperature,  °F 


Tj  =  oil  jet  temperature,  °F 
*  =  frictional  power  loss,  Btu/sec 


CQ  r  a  fitting  constant 


By  comparing  Figures  26  and  27  for  (T0  -  Tj)  and  Figures  22 
and  23  for  (Ts  -  Tj  ),  it  will  be  found  that 
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Figure  26.  Variation  of  (T0  -  Tj)  with  $  for 
Oil  F  and  two  disk  types 
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Figure  27.  Variation  of  (T0  -  Tj)  with  4»  for 
Oils  E  and  F  and  ten  disk  types 


100 


0.70  C 


(66) 


Co  = 


is  a  very  good  approximation  over  the  range  of  variables  investigated. 

Equation  (65)  gives  a  tangible  basis  for  estimating  the  value  of 
TQ.  It  is  seen  from  Equation  (66)  that  the  assumption  of  either  TQ  =  Tj 
or  T0  =  Ts»  as  commonly  used,  is  not  satisfactory. 
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CHAPTER  VH 

GEAR  SCORING  PREDICTION 


A.  Basic  Procedure 

— 

i 

It  was  noted  in  Chapter  II,  Section  B,  that  the  mechanism  of 
scoring  is  still  basically  not  understood.  However,  phenomenological  m 

observations  to  date  suggest  that  it  is  probably  triggered  by  a  thermal 
interaction  between  the  relatively  moving  surfaces;  and  that  among  the 
several  thermal  scoring  models  that  have  been  proposed,  the  critical 
temperature  model  appears  to  be  the  most  plausible  and  promising.  It  » 

was  also  noted  that  apart  from  the  need  for  establishing  a  meaningful 
critical  temperature  criterion,  the  prediction  of  the  scoring -limited 
power-transmitting  capacity  of  gears  further  requires  a  consideration 
of  the  important  influences  of  gear  mechanics — a  subject  whose  com¬ 
plexity  was  broadly  indicated  in  Chapter  II,  Section  F,  and  further 
discussed  in  Chapters  III,  IV,  and  V. 

4 

In  view  of  the  aforementioned  problems,  it  was  concludeu  n 
Chapter  VI,  Section  A,  that  a  completely  rational  procedure  for  pre¬ 
dicting  th«-  scoring-limited  power -transmitting  capacity  of  gears  is 
not  now  possible.  On  the  other  hand,  an  essentially  empirical  pro¬ 
cedure,  such  as  the  AGMA  gear  scoring  design  guide, 3  certainly  leaves 
much  to  be  desired.  Accordingly,  an  interim  predictive  scheme,  which 
recognizes  the  importance  of  the  above-mentioned  problems  but  accepts 
certain  necessary  approximations,  appears  to  be  the  only  viable  ap¬ 
proach. 

The  predictive  scheme  to  be  discussed  herein  can  readily  be 
applied  to  practical  gear  design.  It  is  assumed  that  the  scoring 
behavior  of  gear  teeth  follows  the  same  phenomenological  behavior 
of  sliding- rolling  disks,  except  for  the  effects  of  gear  mechanics.  This 
assumption  implies  that  the  basic  data  derived  from  steady -ope rating 
sliding- rolling  disks  (Chap.  VI)  may  be  applied  to  the  transient  process  • 

of  the  gear-tooth  action,  provided  the  effect  of  gear-*ooth  dynamics  can 
be  isolated  and  taken  into  account.  Additionally,  it  is  implied  that  the 
effect  of  gear-tooth  misalignment  can  also  be  isolated  and  accounted 
for.  These  assumptions  are  difficult  to  defend  from  a  rigorous  theoret¬ 
ical  standpoint,  and  as  such  they  are  "approximations"  being  forced 
upon  the  problem  by  the  current  state  of  the  art.  Refinements  or  re¬ 
visions  of  the  technique  are  naturally  possible;  nevertheless,  the 
results  thus  far  obtained  appear  quite  plausible.  The  analysis  also 
shows  that  thermal  behavior,  gear-tooth  misalignment,  and  gear-tooth 
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dynamics  exert  major  impacts  on  the  scoring -limited  power- 
transmitting  capacity  of  gears. 

The  basic  premise  of  the  proposed  gear  scoring  predictive 
method  may  be  stated  by  the  equation 


Pa 


PISmSd 


(67) 


where  =  actual  scoring -limited  power-transmitting  capacity,  hp 

Pj  =  ideal  scoring-limited  power-transmitting  capacity,  hp 
Sm  =  misalignment  factor 
Sjj  =  dynamic  factor 

In  other  words,  the  proposed  preci5ctive  procedure  entails,  in 
effect,  two  basic  steps.  The  first  step  is  to  estimate  the  ideal  scoring- 
limited  power-transmitting  capacity  of  a  gear  set,  by  considering  the 
thermal  effect  and  assuming  perfect  tooth  alignment  and  no  dynamic 
load.  The  second  step  is  to  estimate  the  actual  scoring-limited  power- 
transmitting  capacity,  by  applying  corrections  for  the  misalignment  and 
dynamic  effects.  For  the  sake  of  convenience,  the  general  features  of 
this  procedure  will  first  be  considered.  Some  specific  details  related 
to  gear  types  will  be  discussed  in  the  final  sections  of  thiB  chapter. 

B.  Ideal  Scoring-Limited  Power- Transmitting  Capacity 

The  prediction  of  the  ideal  scoring -limited  power-transmitting 
capacity,  PJ,  of  a  given  gear  set  operating  under  specified  conditions 
requires,  in  principle,  successive  comparisons  of  the  ideal  maximum 
instantaneous  conjunction  surface  temperature,  Tc»  somewhere  in  the 
gear  mesh,  as  the  transmitted  power  is  being  progressively  increased 
at  the  specified  gear  speed  and  operating  conditions,  with  the  critical 
temperature,  Tcr,  of  the  metal-surface-oil  combination.  The  word 
"ideal"  .iignifies  that  these  comparisons  are  being  made  for  the  assumed 
case  of  perfect  tooth  alignment  and  static  tooth  load.  From  Equation 
(1)  in  Chapter  II, 


Tc  =  Ts  +  AT 


(68) 
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where  Tc  =  maximum  instantaneous  surface  temperature  at  any 
point  in  the  gear  mesh,  °F 

Ts  =  quasi-steady  gear  surface  temperature,  °F 

AT  =  maximum  instantaneous  surface  temperature  rise  at  any 
point  in  the  gear  mesh,  °F 

Note  that  as  the  power  level  is  increased  at  otherwise  constant  operating 
conditions,  AT  increases,  and  its  magnitude  varies  through  the  gear 
mesh.  At  the  same  time,  Ts  also  increases;  but  its  magnitude  remains 
constant  with  respect  to  time.  Consequently,  Tc  also  increases,  and 
its  magnitude  varies  through  the  gear  mesh.  When  the  maximum  value 
of  Tc  somewhere  in  the  gear  mesh  equals  the  critical  temperature,  TCr» 
scoring  occurs  and  the  corresponding  power  transmitted  is,  by  defini¬ 
tion,  the  ideal  scoring-limited  power-transmitting  capacity  of  the  gear 
set  under  the  specified  operating  conditions. 

Outline  of  Predictive  Process.  The  prediction  of  Pj  then  com¬ 
prises  the  following  steps: 

1.  An  estimate  of  the  critical  temperature,  Tcr. 

2.  At  constant  gear  speed  and  operating  conditions,  calculate 
the  quasi-steady  surface  temperature,  Ts,  by  progressively  increasing 
the  power  level,  while  assuming  perfect  tooth  alignment  and  static  tooth 
load. 

3.  Similarly,  calculate  the  maximum  instantaneous  surface 
temperature  rise,  AT,  through  the  gear  mesh. 

4.  From  Steps  2  and  3,  calculate  the  maximum  instantaneous 
conjunction  surface  temperature,  Tc»  through  the  gear  mesh. 

5.  When  the  maximum  value  of  Tc  at  some  point  in  the  gear 
mesh  (from  Step  4)  equals  the  critical  temperature,  TCr  (from  Step  1), 
the  scoring  criterion  is  met;  hence  the  corresponding  power  transmitted 
is  the  ideal  scoring -limited  power-transmitting  capacity  of  the  gear  set 
under  the  specified  operating  conditions. 

Input  Data.  The  prediction  process  as  described  can  readily  be 
carried  out  by  means  of  a  computer.  The  required  equations  and 
numerical  constants  or  coefficients  for  each  step  will  now  be  outlined. 

1.  As  noted  in  Chapter  VI,  Section  B,  the  statistically 
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defined  critical  temperature,  TCr»  of  a  given  metal-oil  combination  is 
a  function  of  the  composite  surface  roughness  of  the  mating  surfaces, 
but  independent  of  the  surface  texture  and  operating  conditions.  More¬ 
over,  although  the  black  oxide  surface  treatment  was  found  to  have  a 
substantial  effect  on  Tcr  in  the  disk  tests,  the  practical  scoring  level 
of  gears,  which  is  generally  more  severe,  tends  to  permit  removal  of 
the  thin  black  oxide  layer  so  that  its  effect  is  apt  to  be  essentially 
absent  in  practical  gears.  Therefore,  if  the  gears  are  made  of  carbu¬ 
rized  AISI  9310  steel,  whether  or  not  surface -treated  with  black  oxide, 
and  if  the  oil  is  Oil  F,  then  the  critical  temperature  is  given  by  Equa¬ 
tion  (50).  For  the  same  metal  and  Oil  E,  the  critical  temperature  is 
given  by  Equation  (52). 

2.  The  quasi-steady  surface  temperature,  Ts,  is  a  time- 

averaged  quantity,  whose  magnitude  depends  upon  the  frictional  heat 
generated  at  the  meshing  surfaces  and  the  heat  removal  from  these  sur¬ 
faces  by  various  means — principally  by  conduction  and  convection.  In 
other  words,  Ts  is  highly  dependent  upon  gear  design,  system  design, 
and  operating  conditions;  and  its  prediction  requires  a  quantitative 
knowledge  of  the  effects  of  these  factors  on  both  the  frictional  heat 
generation  and  the  heat  removal. 


For  the  simple  case  of  steady -ope rating  sliding- rolling  disk 
systems,  it  was  shown  in  Chapter  VI,  Section  D,  that  the  frictional 
heat  generated  per  unit  time,  or  the  frictional  power  loss,  is 


<j>  =  fWVs/9336 


whe  re  <j> 


frictional  power  loss,  Btu/sec 


f  =  coefficient  of  friction 


W  =  normal  load,  lb 
Vs  =  sliding  velocity,  ips 


and  the  relation  between  Ts  and  $  may  be  approximated  by  the  equation 
Ts  -  Tj  =  C4>0, 80 


where  Tj  =  oil  jet  temperature,  °F 

C  =  a  fitting  constant  for  sliding -rolling  disk  systems 
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The  constant  C  in  the  above  equation  was  found  to  depend  quite  mark¬ 
edly  on  the  rate  at  which  the  oil  supplied  by  the  jet  (or  jets,  or  horn) 
impinges  on  the  sliding- rolling  disk  surfaces  and  also  the  disk  system 
design. 


When  applied  to  gears,  the  quantities  Vs,  W,  and  f  generally 
all  vary  through  the  gear  mesh,  or  with  respect  to  time.  Accordingly, 
$  also  varies  with  respect  to  time;  and  it  is  the  time-averaged  $  that 
controls  the  quasi-steady  surface  temperature.  In  other  words,  the 
quasi-steady  surface  temperature  of  gears  is  expected  to  be  governed 
by  the  equation 


Ti  = 


.  0.  80 
c  *av 


(69) 


where  <)>av  =  average  frictional  power  loss,  Btu/sec 

C'  =  a  fitting  constant  for  gear  systems 

The  solution  to  Equation  (69)  requires  the  assignment  of  the 
magnitude  of  the  constant  C'  and  the  evaluation  of  the  quantity  <j>av.  As 
will  be  seen  presently,  the  selection  of  the  value  of  C1  is  very  difficult 
basically  because  little  is  known  about  the  heat  transfer  processes 
involved  in  gear  operation.  However,  the  calculation  of  <|>av  can  readily 
be  accomplished  by  an  integration  process  which  accounts  for  the  varia¬ 
tions  of  Vs,  W,  and  f  in  the  gear  mesh.  Depending  upon  the  gear  type, 
the  instantaneous  sliding  velocity,  Vs,  may  be  deduced  from  kinematic 
analysis  (Sect.  A  of  Chaps.  Ill,  IV,  V).  The  instantaneous  static 
normal  load,  W,  may  be  obtained  from  static  load  analysis  (Sect.  B  of 
Chaps.  Ill,  IV,  '\£).  The  instantaneous  coefficient  of  friction,  f,  is  a 
function  of  WVS"3  and  the  oil  and  surface  characteristics  (Chap.  VI, 

Sect.  C). 

In  Chapter  VI,  Section  C,  it  was  found  that  with  AISI  9310  steel,  * 

Oils  E  and  F  gave  substantially  the  same  friction  behavior.  For 
practical  gear  scoring  predictions,  the  effect  of  black  oxide  surface 
treatment  on  friction  will  be  ignored,  as  suggested  in  Step  1.  Accord¬ 
ingly,  the  relationship  between  f  and  WVS'3  and  composite  surface 
roughness,  for  carburized  AISI  9310  steel  with  either  Oil  E  or  Oil  F, 
may  be  approximated  by  Equations  (54)  and  (55),  or  Equations  (56) 
and  (57),  or  Equations  (60)  and  (61),  as  applicable.  With  honed  sur¬ 
faces,  the  use  of  Equations  (60)  and  (61)  presents  no  complication. 

With  ground  surfaces,  the  rather  significant  effect  of  the  sliding 
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direction  with  respect  to  the  grinding  grooves  should  be  noted.  For 
example,  with  ground  spur  gears,  the  sliding  motion  is  usually 
normal  to  the  grinding  grooves;  thus  Equations  (56)  and  (57)  for  cross¬ 
ground  surfaces  should  be  used.  On  the  other  hand,  with  helical  and 
spiral  bevel  gears,  the  sliding  motion  is  usually  at  an  angle  to  the 
grinding  grooves;  thus  an  interpolation  between  Equations  (56)  and 
(57)  for  cross-ground  surfaces  and  Equations  (54)  and  (55)  for  circum¬ 
ferentially  ground  surfaces  is  required.  The  interpolation  procedure 
will  be  explained  in  Sections  C  and  D  of  Chapter  VIII,  by  reference  to 
specific  examples  of  helical  and  spiral  bevel  gears. 

3.  The  calculation  of  the  maximum  instantaneous  surface 
temperature  rise,  AT,  through  the  gear  mesh  utilizes  basically 
Equation  (3),  repeated  herein  for  convenience: 


=  l.n tw  |/vT-  yvTI 


(70) 


In  applying  this  equation,  Blok's  thermal  coefficient,  0,  is  a  property 
of  the  gear  steel  (App.  A).  The  instantaneous  surface  velocities,  V\ 
and  V2,  may  be  deduced  from  kinematic  analysis.  The  equation  applies 
directly  to  spur  gears  with  perfect  alignment,  which  give  an  instanta¬ 
neous  rectangular  contact  so  that  w  is  simply  the  instantaneous  unit 
static  normal  load.  With  helical  gears,  the  equation  applies  to  an 
elemental  instantaneous  contact  area,  which  may  be  treated  as  a  rec¬ 
tangle.  With  spiral  bevel  gears,  the  instantaneous  contact  area  is  an 
ellipse;  thus  application  of  Equation  (70)  will  require  an  approximation. 
This  is  customarily  done,  as  first  suggested  by  Kelley, 1 8  by  replacing 
the  ellipse  with  an  equivalent  rectangle  of  the  same  major  and  minor 
widths  as  the  ellipse  and  the  same  maximum  Hertz  stress  at  the  center. 
In  that  case,  the  quantity  w  will  be  replaced  by  an  "equivalent  unit  load," 
which  is  equal  to  3w/4. 

Calculation  of  <|>av  of  Gears.  In  calculating  the  average  fric¬ 
tional  power  loss,  <j>av*  in  Equation  (69),  it  should  be  borne  in  mind 
that  both  the  sliding  velocity,  Vs,  and  the  normal  load,  W,  change 
cyclically  through  the  mesh;  and,  by  Equations  (54)  to  (61),  the  coef¬ 
ficient  of  friction,  f,  also  changes  cyclically  through  the  mesh.  Con¬ 
sider,  for  example,  a  set  of  gears  with  a  contact  ratio  less  than  2,  as 
illustrated  in  Figure  2.  In  the  course  of  a  mesh  cycle,  as  any  one 
tooth  experiences  its  double-tooth  contact  in  approach  from  point  A  to 
point  C,  its  preceding  tooth  simultaneously  experiences  its  double -tooth 
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contact  in  recess  from  point  B  to  point  D.  Following  this,  the  tooth 
which  has  reached  point  C  experiences  its  single-tooth  contact  from 
point  C  to  point  B.  After  this,  the  next  mesh  cycle  begins,  with  the 
tooth  which  is  now  at  point  B  completing  its  double -tooth  contact  in 
recess  from  point  B  to  point  D,  while  at  the  same  time  a  new  tooth 
goes  through  its  double-tooth  contact  in  approach  from  point  A  to 
point  C;  and  the  process  repeats. 

The  total  frictional  heat  generated  in  each  mesh  cycle  is  thus 


where  <{>(t)  =  instantaneous  frictional  power  loss  expressed  as  a 

function  of  time,  Btu/sec 

<t>'(€)  =  instantaneous  frictional  power  loss  expressed  as  a 
function  of  pinion  roll  angle,  Btu/sec 

np  =  rotative  speed  of  pinion,  rpm 
and  the  degrees  of  pinion  roll  angle  per  second  is 

d€  360  np  , 

ar  =  To  =  6np 

Now,  in  each  pinion  revolution,  as  many  mesh  cycles  take 
place  as  there  are  the  number  of  pinion  teeth.  Moreover,  the  number 
of  pinion  revolutions  per  second  is  np/60.  Therefore,  the  number  of 
mesh  cycles  per  second  is  equal  to  Np  (np/60).  Accordingly,  the 
average  frictional  power  loss  for  the  gear  set  is 
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+ 


V 

60/ 


^av 


rB 

+  I  4>'(C)  dc  + 

Jc 


4»'(c)  dc  j 


(71) 


where  <j>av  =  average  frictional  power  loss  of  the  gear  set,  Btu/sec 


Np  =  number  of  pinion  teeth 


Equation  (71)  was  derived  for  a  gear  set  with  a  contact  ratio 
between  1  and  2.  If  the  contact  ratio  is  greater  than  2,  a  similar 
reasoning  yields 


^av  = 


(72) 


For  a  contact  ratio  between  2  and  3,  the  expression  in  the  brackets 
contains  5  terms,  to  be  integrated  over  the  first  triple -tooth  contact, 
the  first  double -tooth  contact,  the  second  triple -tooth  contact,  the 
second  double-tooth  contact,  and  the  third  triple -tooth  contact. 49 
Similarly,  for  still  higher  contact  ratios,  the  number  of  terms  in  the 
brackets  must  be  correspondingly  increased. 

Equation  (72)  is  generally  applicable  to  any  gear  type  at  any 
contact  ratio,  provided  it  is  noted  that  the  expression  for  4>'(c)  must 
consider  the  effect  of  gear  type  on  f,  W,  and  V8,  and  provided  the 
number  of  terms  in  the  brackets  is  set  conmensurate  with  the  contact 
ratio.  The  procedure  for  solving  Equation  (72)  is  therefore  dependent 
on  the  gear  design,  as  will  be  explained  in  Sections  D,  E,  and  F  of 
this  chapter,  and  also  by  reference  to  specific  examples  in  Sections 
B,  C,  and  D  of  Chapter  VIII. 

Selection  of  C1  of  Gears.  The  way  Equation  (69)  is  set  up, 
the  constant  C'  is  the  sole  parameter  which  defines  the  heat  removal 
characteristics  of  the  gear  system.  The  value  of  C'  is  dependent  on 
the  heat  transfer  processes  involved,  particularly  conduction  and 
convection  from  the  meshing  gear  surfaces;  and  these  processes  are 


109 


expected  to  be  influenced  by  gear  design,  system  design,  and  oper¬ 
ating  conditions.  Confident  assessment  of  the  value  of  C'  requires  a 
detailed  analysis  of  the  heat  transfer  processes;  and  in  view  of  the 
direct  dependence  of  (Ts  -  Tj)  on  C1  in  Equation  (69),  it  is  clear  that 
each  case  should  be  examined  individually  and  "rules  of  thumb"  are 
difficult  to  apply.  Unfortunately,  no  rational  analysis  of  the  heat 
transfer  behavior  of  gears,  or  of  any  rotating  lubricated  machine 
elements,  is  known  to  have  been  made  to  date.***  Therefore,  for  the 
purpose  at  hand,  a  tentative  guideline,  however  crude,  is  required. 

The  basis  of  this  tentative  guideline  is  the  variation  of  the 
constant  C  for  sliding -rolling  disk  systems  presented  in  Figure  25, 
to  which  a  "correction"  is  applied  to  obtain  the  corresponding  value 
of  C'  for  gear  systems.  As  seen  in  Figure  25,  the  value  of  C  for  a 
disk  system  is  markedly  influenced  by  the  rate  at  which  the  oil  supplied 
by  the  jet  (or  jets,  or  horn)  impinges  on  the  meshing  surfaces,  as 
well  as  the  system  design  as  it  affects  heat  convection  and  conduction 
from  the  meshing  surfaces.  For  the  present  purpose,  the  curve  for 
SwRI  disk  tester  B  in  Figure  25  will  be  taken  as  the  basis  for  esti¬ 
mating  purposes.  It  will  be  assumed  that  the  value  of  C'  for  any  gear 
system  is  related  to  the  value  of  C  for  SwRI  disk  tester  B,  at  the 
same  oil  flow  rate,  as  follows: 


C'  =  KC 


(73) 


where  the  factor  K  accounts  for  the  difference  in  heat  transfer  behav¬ 
iors  between  the  gear  system  and  the  reference  disk  system.  The  value 
of  K  is  expected  to  depend  on  the  gear  design,  system  design,  and 
operating  conditions.  In  general,  the  oil  which  is  supplied  by  the  jet 
(or  jets,  or  horn)  impinges  directly  on  the  meshing  surfaces  of  the 
disks  where  frictional  heat  is  generated,  and  thus  performs  the  best 
job  of  removing  the  frictional  heat  by  convection.  This  is  not  so  with 
gears,  because  the  oil  jetted  toward  the  gears  usually  cannot  penetrate 
deep  into  the  gear  mesh  and  tends  to  break  up  or  atomize  due  to  gear 
rotation.  Moreover,  the  gear  type  would  be  expected  to  exert  a  con¬ 
siderable  influence  on  this  behavior,  with  the  influence  being  smaller 
for  spur  gears  due  to  their  "open"  configuration,  and  greater  for  heli¬ 
cal  and  spiral  bevel  gears  due  to  their  less  "open"  configuration. 

In  addition  to  heat  convection,  the  effect  of  heat  conduction  along 
the  gear  shafts  is  also  important.  In  the  disk  systems  referred  to  in 
Figure  25,  the  disks  were  straddle-mounted  so  that  there  were  two 
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paths  to  remove  the  heat  by  conduction  from  the  disks.  With  gears 
that  are  straddle-mounted,  it  is  clear  that  there  are  likewise  two  heat 
conduction  paths.  On  the  other  hand,  with  overhung  gears,  heat  con¬ 
duction  can  take  place  only  along  one  end  of  the  shafts,  so  that  the 
heat  removal  rate  is  expected  to  be  greatly  reduced. 

While  the  general  heat  transfer  behavior  described  above  is 
believed  to  be  qualitatively  correct,  the  assignment  of  the  quantitative 
value  of  K  in  Equation  (73)  for  different  gear  types  and  gear  mounting 
arrangements  is  of  course  very  difficult.  As  said  before,  the  authors 
are  not  aware  of  any  available  information  of  this  kind.  In  the  absence 
of  such  information,  the  following  tentative  values  of  K  are  assumed: 


K  = 

1.  5  for  straddle -mounted  spur  gears 

(74) 

K  = 

3.0  for  overhung  spur  gears 

(75) 

K  = 

2.  5  for  straddle -mounted  helical  and 
spiral  bevel  gears 

(76) 

K  = 

5.  0  for  overhung  helical  and  spiral 
bevel  gears 

(77) 

The  K  values  given  above  are  admittedly  very  arbitrary;  but  no  viable 
and  more  precise  alternative  appears  possible  at  this  time.  They 
serve  at  least  as  a  tentative  element  in  the  overall  predictive  frame¬ 
work,  until  more  refined  solution  to  the  problem  becomes  available. 

C.  Actual  Scoring-Limited  Power- Transmitting  Capacity 

It  is  clear  from  Equation  (67)  that  in  order  to  predict  the  actual 
scoring-limited  power-transmitting  capacity  of  the  gear  set,  it  is 
necessary  to  estimate  the  misalignment  factor,  Sm,  and  the  dynamic 
factor,  Sd.  Confident  assessment  of  Sm  and  Sd  is,  as  indicated  in 
Chapters  n  to  V,  exceedingly  difficult.  Empirical  correlations  are 
likewise  difficult,  because  even  if  Pa  for  a  gear  set  is  known  by  test 
and  the  corresponding  Pj  is  obtained  from  the  preceding  analysis,  one 
only  knows  the  magnitude  of  the  product  SmSd*  but  not  the  individual 
magnitudes  of  Sm  and  Sd.  An  attempt  will  be  made  presently  to  deduce 
the  probable  magnitudes  of  these  two  factors,  based  upon  some  spur 
gear  scoring  test  results  furnished  by  AGMA.  However,  before  doing 
so,  an  overview  of  the  problem  appears  in  order. 

Misalignment  Factor.  The  effect  of  angular  misalignment  on 
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the  strength- related  failures  of  spur  gear  teeth  was  first  examined  by 
Van  Zandt,73  then  applied  to  helical  gears  by  Wellauer,74  and  later 
adopted  for  use  in  the  AGMA  strength  design  standards  for  spur^  and 
helical  gears. 5  The  effect  of  tooth  misalignment  on  the  scoring- 
limited  power-transmitting  capacity  of  spur  g  ars  was  emphasized  by 
Kelley  and  Lemanski.22  The  procedure  of  calculation  has  been  out¬ 
lined  in  References  4  and  5. 

Using  the  above-mentioned  procedure,  the  effect  of  angular 
misalignment  on  the  value  of  Sm  of  spur  and  helical  gears  has  been 
calculated  and  is  presented  in  Figure  28.  In  this  figure,  wt  denotes  a 
fictitious  unit  tangential  tooth  load,  which  gives  a  measure  of  the  so- 
called  load-carrying  capacity;  e  is  the  angular  misalignment;  and  F  is 
the  effective  face  width.  Note  that  at  any  value  of  wt  and  F,  Sm  re¬ 
duces  markedly  with  increasing  e.  Note  further  that,  due  to  elastic 
deformation  across  the  tooth  face,  the  misalignment  effect  is  sub¬ 
stantially  reduced  with  narrow  gears  and  with  increased  torque  or  wt. 
These  latter  effects  are  illustrated  in  Figure  29  for  an  angular  mis¬ 
alignment  of  0.  001  rad. 

The  misalignment  problem  is  considerably  more  difficult  to 
handle  for  spiral  bevel  gears,  mainly  because  the  gear  surfaces  are 
curved  three -dimensionally  and  therefore  misalignment  will  produce 
a  very  complex  tooth  contact  condition.  The  problem  was  discussed 
by  Coleman, 75  who  stated  that  aircraft  spiral  bevel  gears  frequently 
require  a  load  distribution  factor  of  1.4  or  more.  In  the  AGMA 
strength  design  standard  for  spiral  bevel  gears, 6  the  load  distribution 
factor  is  taken  as  1. 10  to  1.40  for  straddle -mounted  aircraft-type 
spiral  bevel  gears,  and  1. 25  to  1.  50  for  overhung -mounted  aircraft- 
type  spiral  bevel  gears.  The  misalignment  factor,  Sm»  as  employed 
herein,  is  the  reciprocal  of  the  AGMA  load  distribution  factor.  There¬ 
fore,  accepting  the  AGMA  values  as  being  representative,  the  misalign 
ment  factor,  Sm,  for  aircraft-type  spiral  bevel  gears  is  then  in  the 
range  of  0.  71  to  0.  91  if  straddle -mounted,  and  in  the  range  of  0.  67  to 
0.  80  if  overhung -mounted. 

It  is  seen  that  the  effect  of  tooth  misalignment  in  reducing  the 
scoring-limited  power -trensmitting  capacity  from  the  ideal  case  of 
perfect  alignment  is  very  powerful.  A  particularly  disturbing  aspect 
of  the  problem  is  that  the  misalignment  in  actual  gears  can  be  caused 
by  manufacturing  errors,  tolerance  stackup  in  the  assembly  process, 
support  bearing  misalignment,  shaft  deflections  under  load,  and  dif¬ 
ferential  thermal  expansions  of  the  housing  and  related  components. 

The  situation  is  so  involved,  particularly  with  the  more  complex  gear 


miA  A  anwjv.'4»u».*-  .. 


Figure  28.  Misalignment  factor  for  spur  and  helical 
gears  vs.  angular  misalignment 


Figure  29.  Misalignment  factor  for  spur  and  helical 
gears  at  constant  angular  misalignment 


types,  that  the  net  value  of  e  cannot  be  realistically  predicted  or  con¬ 
trolled  in  the  design  process.  Measurement  of  e  in  an  assembled  gear 
set  requires  extreme  accuracy,  because  Sm  is  so  sensitive  to  e, 
especially  in  the  range  of  low  e  which  is  of  major  interest.  Finally, 
examination  of  the  "contact  pattern"  across  the  tooth  face  can  be  quite 
misleading,  because  "full  contact"  can  be  expected  unlesc  gross  mis¬ 
alignment  is  present.  For  example,  with  spur  and  helical  gears,  "full 
contact"  would  prevail  for  any  value  of  Sm  of  0.5  or  greater,  regardless 
of  the  combination  of  F  and  wt.  In  other  words,  "full  contact"  would  be 
observed  for  all  values  of  F  up  to  1 . 5  in.  shown  in  Figure  28;  but  yet  the 
misalignment  may  be  very  much  in  excess  of  0.002  rad. 

For  aircraft  power  gears,  which  are  designed,  manufactured, 
and  assembled  with  care,  it  is  felt  that  an  angular  misalignment  of 
0.  001  rad.  may  very  likely  be  a  realistic  optimal  limit — am  amount 
significant  enough  in  reducing  the  power-transmitting  capacity  from 
perfect  alignment;  but  small  enough  so  that  it  could  easily  escape  notice 
in  practice.  Thus,  in  the  absence  of  specific  information  to  the  con¬ 
trary,  it  is  believed  that  e  =  0.001  rad.  is  probably  a  fairly  reasonable 
value  to  use  in  aircraft-type  spur  and  helical  gear  design,  and  Figure  29 
can  be  used  to  estimate  the  value  of  Sm.  For  aircraft-type  spiral  bevel 
gears,  an  assumed  value  of  Sm  of  0.  75  for  straddle -mounted  gears,  or 
0.  70  for  overhung  gears,  is  believed  to  be  realistically  optimal.  If  the 
actual  value  of  Sm  should  be  found  to  be  substantially  lower  than  these 
target  values,  more  stringent  control  in  design,  manufacture,  and 
assembly  would  appear  warranted. 

Dynamic  Factor.  It  should  be  clear  from  Chapter  II,  Section  F, 
and  Chapters  in  to  V  that  the  dynamic  factor  is  another  extremely  dif¬ 
ficult  quantity  to  handle,  both  theoretically  and  practically.  However* 
its  pronounced  effect  in  reducing  the  actual  gear  performance  from 
ideal  can  readily  be  seen  from  Figure  30. 

Figure  30  plots  the  dynamic  factor,  Sd»  as  a  function  of  the 
pitchline  velocity,  Vt.  The  horizontal  line  designated  as  KV1  and  the 
curves  designated  as  Kv2  and  Kv3  are  taken  from  the  AGMA  strength 
design  standard  for  spur  gears. 4  The  AGMA  strength  design  standards 
for  helical  gears5  and  spiral  bevel  gears&  use  the  same  KV1  and  Kv25 
but  not  Kv3  due  essentially  to  the  greater  degree  of  load  sharing  and 
hence  smoother  load  transfer  in  these  gear  types. 

The  equations  for  these  AGMA  Kv  values  were  given  in  Chapter 
III,  Section  C,  but  are  repeated  below  for  convenience: 
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(78) 


Kyi  =  1 

Kv2  =  J 78  +7/vi 


Kv3 


50 

50+  Jv~t 


(80) 


These  equations  are  empirical  and  do  not  explicitly  account  for  the 
effects  of  gear  and  system  design,  manufacturing  errors,  and  operating 
variables  as  discussed,  for  example,  in  Chapter  in,  Section  C.  It  is 
clear  that  KV1  is  in  reality  a  definition  of  the  static  load,  which  is  not 
strictly  achievable  even  for  "high  precision"  gears  in  theory  or  practice. 
At  the  other  extreme,  Kv3  would  appear  to  be  rather  pessimistic  for 
aircraft -quality  spur  gears  and  too  pessimistic  for  aircraft-quality 
helical  and  spur  gears.  In  order  to  provide  some  measure  of  flexibility 
for  the  purposes  of  design  and  performance  analysis  when  no  reliable 
estimate  of  the  system  dynamic  behavior  is  available,  another  empirical 
dynamic  factor,  defined  as 


sdl 


Kyj  +  Kv2 
2 


(81) 


has  been  found  to  be  quite  helpful. 

Figure  30  compares  the  four  curves  with  the  dynamic  factors 
calculated  by  Tuplin's  method  (Sect.  C,  Chaps.  Ill  and  IV)  for  an 
aircraft -type  spur  gear  set  at  four  pitchline  velocities  (shown  by  the 
crosses)  and  for  an  aircraft-type  helical  gear  set  at  one  pitchline 
velocity  (shown  by  a  circle),  as  well  as  the  dynamic  factors  deduced 
from  the  test  results  for  several  aircraft -type  spur  gear  sets  furnished 
by  AGMA  (shown  by  vertical  bars  A,  B,  and  C).  The  deduction  of  the 
AGMA  data  will  be  discussed  presently.  It  is  seen  that,  if  these  data 
are  indicative  of  what  may  happen  in  practice,  then  Kv2  appears  to  be 
a  fairly  typical  average  for  aircraft-type  spur  gears,  with  an  uncer¬ 
tainty  range  as  high  as  Sdl  and  as  low  as  halfway  between  Kv2  and  Ky3> 
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In  view  of  the  enormous  complexity  of  the  problem  and  a  lack  of 
other  specific  information  at  present,  it  is  suggested  that  Kv2  be  taken 
as  a  reasonable  dynamic  factor  for  aircraft  spur  gears,  and  Sdl  as  a 
reasonable  dynamic  factor  for  aircraft  helical  and  spiral  bevel  gears, 
provided  no  unusual  system  dynamic  stimulus  is  present.  If  substan¬ 
tially  lower  dynamic  factors  are  suspected  in  practice,  a  review  of  the 
details  of  design,  manufacture,  and  system  dynamics  would  seem  to  be 
indicated. 

AGMA  Spur  Gear  Test  Results.  As  an  aid  to  evaluating  the 
scoring -limited  performance  of  typical  aircraft  power  gears,  13  sets 
of  full-scale  spur  gear  scoring  test  results  were  supplied  to  this 
program  by  the  Tribology  Division,  AGMA  Aerospace  Gearing  Com¬ 
mittee.  Only  5  sets  of  such  data,  from  tests  employing  AISI  9310  steel 
gears  and  MIL-L-7808  or  MIL-L-23699  oils  that  went  far  enough  to 
reach  scoring,  were  analyzed  and  made  use  of  herein  in  an  attempt.to 
deduce  the  probable  values  of  the  misalignment  and  dynamic  factors. 

A  description  of  the  five  AGMA  test  series,  their  experimentally 
determined  PAi  and  their  estimated  Pj  by  the  procedure  outlined  in  the 
preceding  section,  are  detailed  in  Appendix  E.  It  will  be  noted  that,  in 
each  cited  case,  only  one  test  was  available  for  scoring  analysis.  Since 
there  is  no  statistical  basis  for  a  single  test,  it  was  not  thought  neces¬ 
sary  to  estimate  the  Pi  for  each  case  by  a  full  computer  program. 
Rather,  making  use  of  the  AGMA  computer  printouts,  their  results 
were  converted  by  simple  mathematical  manipulations,  which  are 
identical  to  the  procedure  outlined  in  the  preceding  section  in  all  re¬ 
spects,  except  by  assuming  a  different  but  constant  f  in  each  case. 

The  assumption  of  a  constani  f  for  each  test  is  not  a  drastic  one,  be- 
causejficoring  generally  occurs  in  the  fairly  flat  region  of  the  f  vs. 
WVg'3  curve  (Fig.  20).  But  this  assumption  greatly  simplifies  the 
computations,  so  that  they  could  easily  be  handled  manually.  These 
rather  simple  manipulations  are  explained  in  detail  in  Appendix  E. 

Table  E-7  compares  the  actual  and  ideal  performance  of  the 
cases  examined.  The  quantity  of  special  interest  here  is  the  ratio  of 
PA  to  Pi,  which,  from  Equation  (67),  is  the  product  of  Sm  and  Sd  in 
each  case. 

In  an  effort  to  estimate  the  individual  values  of  Sm  and  Sd  for 
each  case  when  the'r  product  is  known,  it  is  necessary  to  assume  some 
value  for  Sm  or  Sd  and  examine  whether  the  resulting  Sd  or  Sm  would 
appear  plausible.  The  process  is  then  repeated  until  plausible  answers 
are  obtained.  Table  6  summarizes  the  results  of  this  type  of  analysis. 
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TABLE  6.  ESTIMATES  FOR  MISALIGNMENT  AND  DYNAMIC 
FACTORS  FOR  AGMA  SPUR  GEAR  TESTS 


Series  B  Series  B  Series  A1  Series  A2  Series  A3  Series  C 


(Test  272)  (Test273)  (Test  87)  (Test  H8)(Test  110)(Test  10) 


F,  in. 

1. 55 

1.55 

0.  50 

0.50 

0.50 

0.25 

0i,  pin.AA 

15.0 

15.0 

12.8 

30.0 

39.0 

18.0 

Vt,  fpm 

4760 

4760 

5749 

5749 

5749 

11968 

wt,  ppi 

2308 

3078 

4160 

2398 

1956 

2800 

Sm  Sd 

0.71 

0.76 

0.  37 

0.  32 

0.34 

0.31 

Assume  Sd 

=  sdi 

sd 

0.87 

0.87 

0.  86 

0.86 

0.86 

0.83 

Sm 

0.  82 

0.87 

0.43 

0.  37 

0.40 

0.  37 

e,  rad. 

0.0003 

0. 0002 

0.0104 

0. 0073 

0.  0054 

0.0120 

Assume  Sd 

=  kv2 

sd 

0.  72 

(0.76)* 

0.  71 

0.71 

0.71 

0.64 

Sm 

0.99 

1.00 

0.  52 

0.45 

0.48 

0.48 

e,  rad. 

-o 

0 

0.0077 

0.0057 

0.  0042 

0.0075 

Assume  e  = 

0.  005 

rad. 

Sm 

- 

- 

0.65 

0.  50 

0.45 

0.62 

sd 

- 

- 

0.  57 

0.64 

0.76 

0.50 

*  In  this  case,  a  maximum  value  of  Sm  =  1. 00  is  assumed.  Thus 
Sd  =  0.  76,  which  is  greater  than  Kv2  =  0*  72. 
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Table  6  lists  the  effective  face  width,  F;  initial  composite  sur¬ 
face  roughness,  6i;  pitchline  velocity,  Vt;  unit  tangential  load  at  scor¬ 
ing,  wt  ;  and  SmSd  product  for  the  six  tests  in  which  scoring  was 
obtained.  The  values  of  the  Sm  Sd  product  are  taken  directly  from 
Table  E-7  for  Series  Al,  A2,  A3,  and  C.  For  each  of  the  two  tests  in 
Series  B,  the  two  SmSd  products  deduced  for  two  assumed  oil  jet  tem¬ 
peratures  in  Table  E-7  are  averaged  to  give  a  single  value  listed  in 
Table  6. 

Let  it  first  be  assumed  that  the  dynamic  factor,  Sd,  in  each 
test  is  as  high  as  Sdl  at  that  particular  Vt.  Figure  30  or  Equation  (81) 
then  gives  the  tabulated  value  of  Sd  for  the  test.  Since  Sm  =  (SmSd/Sd), 
then  the  corresponding  value  of  Sm  for  the  test  can  be  calculated. 
Knowing  this  Sm  and  given  F  and  wt,  the  appropriate  value  of  e  for  the 
test  can  be  read  off  Figure  28  by  interpolation,  or  calculated  by  the 
AGMA  method^  if  e  is  greater  than  0.  002  rad.  Note  from  Table  6  that 
the  values  of  e  for  the  two  Series  B  tests  are  very  small,  indicating 
good  alignment  in  these  tests.  On  the  other  hand,  the  values  of  e  for  the 
other  four  tests  appear  to  be  excessive.  This  is  because  at  values  of 
Sm  less  than  0.  5,  less  than  "full  contact"  across  the  tooth  face  would 
be  expected,  and  this  condition  would  probably  have  been  noticed  by  an 
alert  test  operator. 

Let  it  now  be  assumed  that  the  dynamic  factor,  Sd,  in  these 
tests  is  equal  to  KV2J  then  similar  calculations  will  yield  the  values  of 
Sm  and  e  shown  next  in  Table  6.  It  is  seen  that  Test  B272  would  indi¬ 
cate  almost  perfect  tooth  alignment.  As  to  Test  B273,  even  the  as¬ 
sumption  of  a  perfect  tooth  alignment  would  yield  Sd  =  0.76/1.00  = 

0.  76,  which  is  greater  than  the  assumed  Sd  =  0.  72  for  Test  B272.  If  it 
is  then  assumed  that  Test  B272  also  has  Sd  =  0.76,  the  corresponding 
misalignment  factor  would  be  Sm  =  0.  71  /0.  76  =  0.93,  which  gives  e  = 

0.  0001  rad. ,  or  still  an  extremely  good  tooth  alignment. 

The  assumption  of  Sd  =  Ky2  gives  significantly  more  plausible 
results  for  the  Series  A  and  Series  C  tests.  Note  from  Table  6  that  the 
values  of  e  are  considerably  reduced  as  compared  with  the  case  of  Sd  = 
Sdl*  Further,  the  values  of  Sm  are  now  all  close  enough  to  0.5  so  that 
"full  contact"  across  the  tooth  face  might  have  resulted,  and  the 
presence  of  the  misalignment  could  have  escaped  notice. 

Finally,  if  it  is  assumed  that  e  =  0.  005  rad.  in  the  Series  A  and 
Series  C  tests,  then  the  resulting  values  of  Sm,  and  the  corresponding 
values  of  Sd»  would  be  as  shown  at  the  bottom  of  Table  6.  These  Sm 
values  appear,  on  the  whole,  to  be  even  more  plausible  than  those  given 
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by  the  assumption  of  Sd  =  Ky2*  However,  with  the  assumed  e  =  0.  005 
rad. ,  the  Sd  values  would  all  be  less  than  Kv2* 

In  reviewing  the  various  values  of  Sm  and  Sd  presented  above, 
it  should  be  kept  in  mind  that  only  single  tests  are  involved,  so  the 
results  should  be  interpreted  with  caution.  It  would  appear  that  perfect 
tooth  alignment  would  be  more  likely  accidental  than  realistically 
achievable;  but  a  misalignment  in  excess  of,  say,  0.005  rad.  should 
have  been  detected  by  alert  test  personnel.  Thus,  selecting  only  those 
values  of  Sd  in  Table  6  that  lie  within  these  misalignment  limits,  then 
the  probable  range  of  Sd  for  these  tests  would  be  as  shown  by  the  verti¬ 
cal  bars  in  Figure  30. 

In  other  words,  depending  upon  what  sort  of  tooth  misalignment 
was  assumed  for  these  AGMA  spur  gear  tests,  the  dynamic  factor,  Sd, 
could  be  as  portrayed  by  the  vertical  bars  shown  in  Figure  30,  giving 
a  rather  good  average  corresponding  to  Kv2  but  with  a  large  range  of 
uncertainty.  This  exercise  shows  clearly  that  more  definitive  data  on 
both  misalignment  and  dynamic  effects  are  urgently  needed.  It  also 
shows  that  while  both  factors  are  important,  poor  misalignment  can 
easily  mask  the  probable  effect  of  the  dynamic  load. 

In  the  prediction  of  the  actual  scoring-limited  power- 
transmitting  capacity  of  gears,  careful  assessment  of  the  probable 
misalignment  and  dynamic  effects  is  desirable  but  obviously  not 
easy.  In  the  absence  of  specific  information,  performance  predictions 
based  on  an  assumed  angular  misalignment  of  0.  001  rad. ,  and  am 
assumed  dynamic  factor  equal  to  Kv2  for  spur  gears  or  Sdl  for  helical 
and  spiral  bevel  gears,  would  appear  to  be  reasonable,  though  perhaps 
somewhat  optimistic,  for  aircraft  power  gear  practice. 

D.  Spur  Gear  Scoring  Prediction 

The  preceding  sections  have  dealt  with  the  prediction  of  the  ideal 
and  actual  scoring-limited  power-transmitting  capacities  of  gears  in 
detail,  except  for  those  items  related  to  specific  gear  types.  This 
section  will  be  concerned  with  those  aspects  of  the  predictive  pro¬ 
cedure  dealing  specifically  with  spur  gears.  The  next  two  sections 
will  deal  with  helical  and  spiral  bevel  gears. 

Instantaneous  Coefficient  of  Friction.  The  quantity  f  is  required 
in  calculating  Ts  and  AT,  and  thus  in  the  prediction  of  the  ideal  scoring- 
limited  power -transmitting  capacity.  As  noted  in  Section  B  of  this 
chapter,  the  selection  of  the  proper  equations  for  f  for  spur  gears  is 


straightforward.  Specific  examples  will  be  given  in  Section  B  of  the 
next  chapter. 

Quasi -Steady  Surface  Temperature.  The  quantity  Tg  is  calcu¬ 
lated  by  Equation  (69),  and  the  procedures  for  calculating  $av  and 
assigning  the  value  of  the  constant  C*  have  been  explained  in  Section  B 
of  this  chapter. 

In  calculating  4>av  by  Equation  (72),  note  that  the  instantaneous 
frictional  power  loss,  V,  expressed  as  a  function  of  the  pinion  roll 
angle,  c,  is  given  in  the  computer  printout  (App.  H).  With  this  infor¬ 
mation,  Equation  (72)  may  be  solved  graphically  by  plotting  4>'  vs.  e 
and  measuring  the  areas  under  the  curve.  However,  numerical  inte¬ 
gration  by  the  computer  is  by  far  the  easier,  as  will  be  explained  in 
Section  B  of  the  next  chapter.  A  specific  example  will  be  given  in 
Appendix  K . 

Maximum  Instantaneous  Surface  Temperature  Rise.  The  quan¬ 
tity  AT  is  also  required  in  the  prediction  of  the  ideal  scoring-limited 
power-transmitting  capacity.  The  basic  equation  for  AT  is  given  by 
Equation  (70).  For  spur  gears, 

B  =  (32  wR/irE)i 

Vi  =  2irppnp/60 

V2  =  2irpgng/60 

* 

Substituting  the  above  expressions  into  Equation  (70),  and  taking  E  = 

33  x  106  psi,  one  obtains 


AT 


1 5.  23  f  w  4  |  Jppnp  -  Jpg ng  | 
0  R  4 


(82) 


where  0  is  given  in  Appendix  A  for  AISI  9310  steel. 

Critical  Temperature.  The  quantity  TCr  is  required  to  estab¬ 
lish  the  scoring  condition  and  obtain  the  ideal  scoring -limited  power- 
transmitting  capacity.  This  quantity  was  dealt  with  in  Section  B  of  this 
chapter. 
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Misalignment  and  Dynamic  Factors.  The  misalignment  factor, 
Sm,  end  dynamic  factor,  Sd»  are  required  in  the  prediction  of  the 
actual  scoring-limited  power-transmitting  capacity  by  Equation  (67). 

If  no  other  specific  information  is  available  at  the  design  stage,  it  is 
recommended  that  Sm  be  based  on  an  assumed  angular  misalignment 
of  0.  001  rad. ,  and  Sd  be  assumed  to  be  equal  to  Kv2» 

E.  Helical  Gear  Scoring  Prediction 

The  prediction  of  the  scoring -limited  power-transmitting 
capacity  of  helical  gears  is  basically  similar  to  that  of  spur  gears. 
However,  on  account  of  the  high  contact  ratios  normally  used  in  helical 
gears,  the  load  sharing  problem  is  far  more  complex  (Chap.  IV,  Sect. 
B).  The  customary,  approximate  way  to  handle  the  problem  has  been 
illustrated  in  Figure  7.  At  any  instant  in  the  mesh  cycle,  several  pairs 
of  teeth  are  sharing  the  total  normal  tooth  load;  and  the  fraction  of  this 
load  carried  by  any  tooth  pair  is  assumed  to  be  proportional  to  the  ratio 
of  the  length  of  the  line  of  contact  on  that  tooth  pair  to  the  total  length 
of  lines  of  contact  on  all  contacting  tooth  pairs.  This  is  tantamount  to 
assuming  that  the  instantaneous  unit  static  normal  load  at  any  point  on 
all  lines  of  contact  of  all  simultaneously  contacting  teeth  at  that  instant 
is  constant  and  equal  to 


w  =  W/L 


(83) 


and  the  instantaneous  static  normal  load  carried  by  any  elemental  gear 
tooth  with  midpoint  at  M  (Fig.  7)  is 


Wi  =  wl  =  Wi/L 


(84) 


where  w 
W 
Wi 
L 

I 


instantaneous  unit  static  load,  ppi 
total  static  normal  load,  lb 

instantaneous  static  normal  load  on  an  elemental  tooth,  lb 

total  length  of  instantaneous  lines  of  contact  on  all  simul¬ 
taneously  contacting  tooth  pairs,  in. 

length  of  line  of  contact  on  an  elemental  tooth,  in. 
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Note  that  although  w  is  constant  at  any  given  instant  in  the  mesh,  it  is 
not  constant  throughout  the  mesh  cycle  because  L  is  not  constant 
throughout  the  mesh  cycle.  Also,  since  1  is  chosen  to  be  an  integral 
divider  of  the  length  of  the  particular  instantaneous  line  of  contact  on 
which  it  lies,  it  is  generally  not  the  same  on  all  simultaneous  lines  of 
contact.  Accordingly,  Wi  is  generally  not  constant  at  any  instant 
spatially  and  not  constant  through  the  mesh  cycle. 

Instantaneous  Coefficient  of  Friction.  As  noted  in  Section  B  of 
this  chapter,  the  sliding  motion  in  the  helical  gear  mesh  is  inclined  at 
an  angle  to  the  orientation  of  the  grinding  grooves.  This  orientation 
effect  is  taken  as  a  function  of  the  helix  angle,  and  should  be  accounted 
for  in  writing  the  equations  for  f.  A  specific  example  will  be  given  in 
Section  C  of  the  next  chapter. 

Quasi-Steady  Surface  Temperature.  The  quantity  Ts  is  calcu¬ 
lated  by  Equation  (69),  and  the  procedure  for  assigning  the  value  of  the 
constant  C'  needs  no  further  comment.  The  quantity  <{> a v  is  calculated 
basically  by  Equation  (72)  which  is  general  for  all  gear  types.  How¬ 
ever,  some  additional  manipulations  are  required  due  to  the  manner 
in  which  the  helical  gear  analysis  is  made. 

In  calculating  <{>av  for  helical  gears,  it  is  first  necessary  to 
calculate  the  elemental  contribution  =  A(fWVs)  at  any  arbitrary 
point  M  on  an  instantaneous  line  of  contact  (Fig.  7),  and  to  obtain  the 
total  instantaneous  <}>  along  this  line  by  summing  all  of  the  elemental 
contributions  over  this  line.  This  summation  is  comparable  to  4» '  in 
Equation  (72).  If  this  summation  were  expressed  as  a  function  of  the 
pinion  roll  angle  at  the  line  of  contact  under  consideration,  then  the 
successive  values  of  <t>'(e)  obtained  as  contact  progressed  over  the 
plane  of  action  could  be  applied  directly  to  Equation  (72). 

However,  for  the  sake  of  convenience,  the  computer  program 
(App.  I)  is  written  with  successive  lines  of  contact  spaced  equal  dis¬ 
tances  apart  as  a  function  of  their  distance  f  from  the  initial  contact 
point  A,  as  shown  in  Figure  7.  Since  4>  is  thus  a  function  of  the  linear 
distance  f  and  not  the  pinion  roll  angle  c,  Equation  (72)  must  be  trans¬ 
formed  to  read 


(85) 
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where  4*"(f)  =  instantaneous  frictional  power  loss  expressed  as  a 
function  of  parameter  f,  Btu/sec 


fjy  =  normal  distance  from  the  first  point  of  contact  A  to  the 
final  point  of  contact  D'  (Fig.  7) 

Ac  =  angle  the  pinion  turns  through  from  the  first  point  of 
contact  A  to  the  final  point  of  contact  D',  deg 

Np  =  number  of  pinion  teeth 

Note  that  the  integration  is  performed  over  the  distance  f,  normal  to  the 
instantaneous  lines  of  contact.  The  bracketed  term  in  Equation  (85) 
represents  the  average  4>"  over  the  plane  of  action. 

The  value  of  Ac  is  found  from  the  length  of  the  path  of  contact  in 
the  transverse  plane  as 


Ac 


2  Z  .  1_80 
db  V 


(86) 


where  Z  =  length  of  path  of  contact  in  transverse  plane,  in. 

db  =  base  diameter  of  pinion,  in. 

The  ratio  180/rr  converts  the  expression  to  angular  degrees. 

Maximum  Instantaneous  Surface  Temperature  Rise.  The 
quantity  AT  at  any  point  M  in  Figure  7  is  obtained  by  substituting  Wj/i 
for  w  in  Equation  (82),  thus: 


AT 


15.23  f(Wi/f)4  j  yPpnp  -  ypgng  | 
jSR* 


(87) 


where  all  quantities  except  (},  np  and  ng  are  the  instantaneous  values  at 
point  M. 

Critical  Temperature.  The  quantity  TCr  was  dealt  with  in 
Section  B  of  this  chapter. 


Misalignment  and  Dynamic  Factors.  If  no  other  specific  infor¬ 
mation  is  available  at  the  design  stage,  it  is  recommended  that  the 
misalignment  factor,  Sm,  be  based  on  an  assumed  angular  misalign¬ 
ment  of  0.  001  rad. ;  and  the  dynamic  factor,  S<j,  be  assumed  to  be 
equal  to  Sdl. 

F.  Spiral  Bevel  Gear  Scoring  Predictions 

The  prediction  of  the  scoring -limited  power-transmitting 
capacity  of  spiral  bevel  gears  is  similar  in  principle  to  that  of  helical 
gears,  but  with  the  added  complications  of  the  cross -axes  arrangement 
and  the  varying  spiral  angle.  For  the  present  purpose,  the  approxi¬ 
mate  kinematic  and  static  load  analyses,  due  largely  to  Coleman66,  67 
and  briefly  covered  in  Chapter  V,  will  be  adapted  for  use. 

Instantaneous  Coefficient  of  Friction.  As  in  the  case  of  helical 
gears,  the  sliding  motion  in  the  spiral  bevel  gear  mesh  is  also  inclined 
at  an  angle  to  the  orientation  of  the  grinding  grooves.  This  orientation 
effect  is  taken  as  a  function  of  the  spiral  angle,  and  should  be  accounted 
for  in  writing  the  equations  for  f.  A  specific  example  will  be  given  in 
Section  D  of  the  next  chapter. 

Quasi-Steady  Surface  Temperature.  The  calculation  of  Ts  for 
spiral  bevel  gears  is  similar  to  that  for  helical  gears,  except  that  the 
quantity  <}>"  for  any  instantaneous  line  of  contact  is  directly  calculated 
(App.  J),  and  a  summation  along  the  line  is  thus  not  required. 

The  contact  condition  in  a  pair  of  spiral  bevel  gears  is  shown  in 
Figure  10.  Motion  sweeps  across  the  plane  of  action  in  the  axial  as 
well  as  the  transverse  directions,  much  as  in  the  helical  gear.  How¬ 
ever,  unlike  the  uniform  contact  assumed  along  a  contact  line  in  helical 
gears,  the  contact  in  spiral  bevel  gears  is  assumed  concentrated  at  the 
middle  of  the  contact  line.  Thus  to  estimate  Ts,  it  is  only  necessary 
to  integrate  over  the  diagonal  length  of  action,  fj,  the  instantaneous 
values  of  <t>"  for  a  large  number  of  contact  lines  uniformly  spaced  over 
the  contact  ellipse  in  the  plane  of  action. 


Using  an  expression  similar  to  Equation  (85),  4>av  is  then 


(88) 
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where  $"(f)  =  instantaneous  frictional  power  loss  expressed  as  a 
function  of  parameter  f,  Btu/sec 

f  =  distance  from  the  center  of  contact  area  to  a  line  of 
contact  (Fig.  10),  in. 

1 1  =  length  of  contact  normal  to  lines  of  contact,  in. 

Ac  =  angle  through  which  the  pinion  turns  from  initial  con¬ 
tact  to  final  contact,  deg. 


N 


p  =  number  of  pinion  teeth 


The  value  of  Ac  in  this  case  is 


Ac  = 


Z  180 

A  sin  y  ir 


(89) 


where  Z  =  length  of  contact  in  transverse  plane,  in. 

A  =  mean  cone  distance,  in. 

y  =  pitch  angle  of  pinion,  deg. 

Maximum  Instantaneous  Surface  Temperature  Rise.  In 
Coleman's  analysis, 66  the  quantity  AT  at  the  midpoint  on  any  instan¬ 
taneous  line  of  contact  (Fig.  10)  was  expressed  in  terms  of  the  maxi¬ 
mum  Hertz  stress,  qQ>  at  that  point.  He  used  basically  Kelley's 
approximation^  to  enter  Equation  (70).  Coleman's  expression  for  AT 
may  then  be  shown  to  be 


with 


AT  = 


/g  Ho  Vs 

2?  (yvTp+  yvrg) 


=  c. 


/3T 

J  SGR 


(90) 


(91) 
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ssf 


and 


(92) 

* 

Substituting  Equations  (91)  and  (92)  into  Equation  (90),  and  taking  E  = 
33  x  10*>  psi,  one  obtains 


2487  f  JWj  V8 

» ys GR(yvp/dp+  ,/vg/dg) 


(93) 


In  Equations  (90)  and  (93),  the  kinematic  relationships  have 
been  dealt  with  in  Chapter  V,  Section  A,  while  the  static  load  relation¬ 
ships  have  been  dealt  with  in  Chapter  V,  Section  B.  Thus,  V8  is  given 
by  Equation  (36),  and  dp  and  dg  by  Equations  (38)  and  (39),  respectively. 
Vp  and  Vg,  not  previously  given,  are 


Vp  =  Jv  FpZ  +  Vpp2  (94) 


Vg  »  TV  9  VPg*  (95) 

where  VFp.  Vpp,  VFg.  and  Vpg  are  given  by  Equations  (32),  (33), 

(34),  and  (35),  respectively.  Sq  is  given  by  Equation  (43).  Wj  is  given 
by  Equation  (45).  Note  that  except  for  /3  and  H, which  are  properties  of 
the  gear  steel,  all  other  quantities  entering  Equation  (90)  or  Equation 
(93)  are  not  constant  either  spatially  or  through  the  mesh  cycle. 

Critical  Temperature.  The  quantity  TCr  was  dealt  with  in 
Section  B  of  this  chapter. 

Misalignment  and  Dynamic  Factors.  If  no  other  specific  infor¬ 
mation  is  available  at  the  design  stage,  it  is  recommended  that  the 
misr iignment  factor,  Sm,  be  taken  as  0.75  for  straddle -mounted  spiral 
bevel  gears  and  0.  70  for  overhung  spiral  bevel  gears,  and  that  the 
dynamic  factor,  Sd,  be  assumed  to  be  equal  to  Sdl. 
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CHAPTER  VIII 

GEAR  SCORING  TEST  PROGRAM 


A.  General 


In  order  to  evaluate  the  validity  of  the  gear  scoring  prediction 
method  outlined  in  the  preceding  chapter,  the  plan  was  to  select  or 
design  typical  aircraft-type  spur,  helical,  and  spiral  bevel  gears,  and  to 
predict  their  probable  scoring-limited  power-transmitting  capacities 
under  specified  operating  conditions.  Concurrently,  these  selected  or 
designed  gears  were  to  be  procured  or  manufactured,  and  then  tested 
under  the  specified  operating  conditions  to  determine  their  actual 
scoring -limited  power-transmitting  capacities.  The  predicted  and  the 
experimentally-determined  values  were  then  to  be  compared. 

Recommendations  on  the  specific  gear  designs  and  test  plans 
were  made  with  the  aid  of  Bell  Helicopter  Company  (subcontractor) 
and  submitted  to  the  Eustis  Directorate,  U.S.  Army  Air  Mobility 
Research  and  Development  Laboratory  for  prior  approval.  After 
USAAMRDL  approval  was  received,  the  procurement  and  manufacture 
of  the  gears  were  handled  by  BHC.  Testing  of  these  gears  was  sub¬ 
sequently  performed  by  BHC  under  SwRI  supervision. 

The  gear  test  program  originally  called  for  a  total  of  30  tests, 
comprising  10  tests  each  on  spur,  helical,  and  spiral  bevel  gears.  The 
10  tests  on  each  gear  type  were  further  divided  into  two  sets  of  5  tests 
each,  with  some  design  feature  or  test  condition  varied.  All  gears 
were  to  be  made  of  AISI  9310  CE"'rM  steel,  carburized  to  give  an  effec¬ 
tive  case  thickness  of  0.  030-0.  040  in. ,  a  case  hardness  of  60-63  Rc,  a 
core  hardness  of  33-41  RCl  and  surface-treated  with  black  oxide  as 
per  BHC  Specification  BPSFW  4084  —  essentially  the  same  as  the  test 
disks  used  in  tae  disk  tests  (Chap.  VI  and  App.  D).  The  test  oil  was 
to  be  Oil  F  (App.  A),  the  same  MIL-L-7808G  oil  used  in  the  disk  tests. 

The  other  gear  and  test  details  will  be  given  later  in  Sections 
B,  C,  and  D  of  this  chapter  and  in  Appendixes  F  and  G.  However,  the 
gear  test  program  had  undergone  certain  changes  as  it  developed,  and 
these  changes  will  now  be  reviewed. 

Spur  Gears.  All  spur  gears  were  to  be  31  x  76  teeth,  with  a 
diametral  pitch  of  8.5  in."l  Five  sets  of  these  gears  were  to  be  ground 
to  about  17  jjin.  AA  surface  finish  and  5  sets  honed  to  about  7  jjin.  AA 
surface  finish.  All  tests  were  to  be  run  at  a  pinion  speed  of  8,  000  rpm, 
at  an  oil  jet  temperature  of  190°F. 
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As  it  turned  out,  the  gears  received  from  the  vendor  were 
found  to  be  much  smoother  than  specified;  but  it  was  decided  to  proceed 
with  the  testing  in  order  to  expedite  the  program.  It  was  also  found 
that  the  torque  capacity  of  the  test  rig  available  at  BHC  was  not  enough 
to  score  the  gears  at  190®F  oil  jet  temperature  and  8,000  rpm  pinion 
speed.  It  was  felt  that  increasing  the  test  speed  at  maximum  rig  torque 
capacity  was  risky.  Accordingly,  the  test  plan  was  modified  to  test 
all  spur  gears  at  an  oil  jet  temperature  of  250®F. 

Helical  Gears.  The  helical  gears  were  to  be  31  x  138  teeth, 
with  a  diametral  pitch  of  8.  5  in.~l  and  a  helix  angle  of  ]  8.  3°.  Five 
sets  of  these  gears  were  to  be  tested  at  5,000  rpm,  and  5  sets  at 
25,  000  rpm.  The  oil  jet  temperature  was  to  be  190° F. 

As  it  happened,  manufacturing  problems  were  encountered  by 
the  vendor,  and  delivery  of  the  helical  gears  was  repeatedly  delayed. 

It  became  necessary  to  modify  the  program  to  delete  testing  of  the 
helical  gears  entirely. 

Spiral  Bevel  Gears.  It  was  planned  to  test  5  sets  each  of  two 
spiral  bevel  gear  designs.  One  design  was  to  be  22  x  23  teeth,  with  a 
diametral  pitch  of  6.11  in. -1,  and  a  spiral  angle  of  35®.  These  5  sets 
were  duly  tested  at  the  planned  pinion  speed  of  4,  500  rpm  and  the 
planned  oil  jet  temperature  of  190®F. 

The  other  design  was  to  be  19  X  62  teeth,  with  a  diametral  pitch 
of  6.  33  in.”l,  and  a  spiral  angle  of  35®.  These  5  sets  were  to  be  tested 
at  a  pinion  speed  of  6,  000  rpm  and  an  oil  jet  temperature  of  190®F. 

Due  to  scheduling  problems  of  the  available  test  rig  at  BHC,  it  was  not 
possible  to  conduct  these  tests  expeditiously.  Accordingly,  the  pro¬ 
gram  was  modified  to  delete  the  5  tests  on  the  19  X  62  spiral  bevel 
gears. 


In  summary,  due  to  various  difficulties  encountered,  the 
originally  scheduled  30  gear  tests  were  not  all  run.  Rather,  only  15 
tests  were  performed,  5  each  on  the  ground  spur  gears,  the  honed 
spur  gears,  and  the  22  x  2  3  spiral  bevel  gears. 

The  subsequent  sections  of  this  chapter  will  first  present  the 
predicted  scoring-limited  po we r -transmitting  capacities  of  the  gear 
sets,  and  then  compare  these  with  the  experimentally-determined 
values.  For  the  sake  of  convenience,  sample  runs  of  the  computer 
programs  are  presented  in  Appendixes  H,  I,  and  J  for  the  three  gear 
types.  Likewise,  summaries  of  the  spur  gear  and  spiral  bevel  gear 
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test  data  are  presented  in  Appendixes  F  and  G,  respectively. 

B.  Spur  Gear  Test  Program 

The  spur  gear  test  program  consisted  of  replicate  tests  on  5 
sets  of  ground  spur  gears  and  5  sets  of  honed  spur  gears  of  same 
design  and  material,  tested  for  scoring  at  the  same  speed  and  oil  jet 
temperature.  Details  of  the  test  equipment,  test  procedure,  and  re¬ 
sults  are  summarized  in  Appendix  F. 

The  test  gears  were  made  of  AISI  9310  CEVM  steel,  carburized 
to  a  case  thickness  of  0.  030-0.  040  in. ,  a  case  hardness  of  60-63  Rc, 
a  core  hardness  of  33-41  Rc,  and  surface-treated  with  a  black  oxide. 
The  dimensions  of  the  pinions  and  gears  are  given  in  Table  7.  The 
measured  surface  roughnesses  in  the  profile  and  lead  directions  of  the 
pinions  and  gears  are  presented  in  Appendix  F,  where  it  is  estimated 
that  the  average  initial  composite  surface,  6i,  was  13.7  jjin.  AA  for 
the  5  sets  of  ground  gears,  and  15.  8  fiin.  AA  for  the  5  sets  of  honed 
gears. 


The  test  oil  was  Oil  F,  a  MIL-L-7808G  synthetic  oil. 

The  tests  were  conducted  at  a  pinion  speed  of  8,  000  rpm,  with 
the  pinion  as  the  driver.  The  corresponding  pitchline  velocity  was 
7,  638  fpm.  The  gears  were  mounted  on  vertical  shafts,  and  were 
lubricated  by  cascading  oil  and  by  an  oil  jet  directed  into  the  mesh. 

Flow  through  the  oil  jet  was  0.28  gpm  and  the  oil  jet  temperature  was 
250* F.  The  cascading  oil  flow  rate  and  temperature  were  not 
measured. 

Dimensional  inspection  of  the  test  section  housing  and  bearings 
revealed  that  the  test  rig  had  an  assembled  misalignment  of  0.0007  rad., 
with  the  lower  end  of  the  teeth  (i.  e. ,  the  S/N  end  in  Fig.  F-2)  being 
more  heavily  loaded  than  the  upper  end.  Apart  from  this,  tooth  mis¬ 
alignment  also  resulted  from  the  lead  errors  on  the  pinion  and  gear 
teeth.  An  attempt  was  made  to  balance  the  lead  errors  on  the  mating 
pairs  of  pinions  and  gears.  As  shown  in  Appendix  F,  the  best  estimate 
for  the  average  resultant  tooth  misalignment  was  0.00076  rad.  for  the 
ground  gear  sets,  and  0.00084  rad.  for  the  honed  gear  sets. 

Ideal  Scoring  Power  of  Ground  Spur  Gears.  The  ideal  scoring 
limited  power-transmitting  capacity  of  the  ground  spur  gears  was  esti¬ 
mated  by  the  procedure  outlined  in  Chapter  VII.  For  reasons  given  in 
Chapter  VII,  the  critical  temperature,  TCr*  and  the  coefficient  of 
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TABLE  7.  SPUR  GEAR  DESIGN  DATA 


Pinion  Gear 

(Driver)  _ (Driven) 


Number  of  teeth 

31 

76 

Diametral  pitch,  in. 

8.5 

8.5 

Pitch  diameter,  in. 

3.6471 

8.9412 

Face  width,  in. 

1.  375 

1.250 

Pressure  angle,  deg 

22.0 

22.  0 

Outside  diameter,  in. 

3.907 

9.184 

Root  diameter,  in. 

3.  354 

8.632 

Mean  circular  tooth  thickness,  in. 

0. 1848 

0.1768 

Start  of  tip  modification,  deg  roll 

27.49 

25.00 

End  of  tip  modification,  deg  roll 

32. 15 

26.89 

Nominal  slope  of  tip  modification  line,  in. 

-0.  00035 

-0.00045 

Nominal  slope  of  profile  slope  line,  in. 

0 

0 

Nominal  slope  of  tooth  slope  line,  in. 

0 

0 

Maximum  allowable  errors: 

Tooth  to  tooth  spacing,  in. 

0.  0002 

0.0002 

Accumulated  spacing,  in. 

0.0006 

0.0006 

Slope  of  tip  modification  line,  in. 

±0.  00015 

±0.00015 

Slope  of  profile  line,  in. 

±0.  0001 

±0.0001 

Slope  of  tooth  slope  line,  in. 

±0.  00025 

±0.00025 

Material  and  surface: 

Material,  AISI 

9310 

9310 

Case  thickness,  in. 

0. 030-0. 040 

0.  030-0.  040 

Case  hardness,  Rc 

60-63 

60-63 

Core  hardness,  Rc 

33-41 

33-41 

Surface  finish,  /iin.  AA 

See  text 

See  text 

friction,  f,  are  assumed  to  be  those  of  the  plain  surfaces,  i.e.,  sur¬ 
faces  as  if  there  were  no  black  oxide  surface  treatment.  In  other 
words,  noting  that  6i  =  13.7  fjin.  AA  for  the  ground  spur  gears,  then 
the  critical  temperature,  from  Equation  (50),  is 


Tcr  =  540  -  3.80  6i  =  488°F 


(96) 


and  the  coefficient  of  friction,  from  Equations  (56)  and  (57),  is 


f 


(0.  0755  +  0.  00034  6i)(WVs‘3)‘0,  3 

0.0802  (WV8'V0,  3 


at  WV8'3  <200  (97) 


f  =  0.0154  +  0.00007  6i  =  0.0164 

at  WV8 ‘3*200  (98) 


The  quasi-steady  surface  temperature,  T8,  is  given  by  Equa¬ 
tion  (69),  which  at  Tj  =  250° F  reads 


Ts  =  Tj  +  C'4>°;,80  =  250  +  225<|>2v80  (99) 


where  4>av  is  defined  by  Equation  (72).  In  estimating  the  value  of  C'  in 
Equation  (99),  the  cascading  oil  is  assumed  to  contribute  negligibly 
toward  the  cooling  of  the  gear  meshing  surfaces,  since  this  oil  from 
the  upper  support  bearings  is  immediately  flung  off  as  it  falls  on  the 
top  sides  of  the  gears,  and  thus  has  little  chance  of  entering  the  gear 
mesh.  Accordingly,  at  an  oil  jet  flow  rate  of  0.28  gpm,  Figure  25 
gives  C  =  1  50;  and  C'  =  1.5  x  1  50  =  225  by  Equation  (74). 

The  calculation  of  4>av  by  Equation  (72)  is  straightforward 
since  <j>'(e)  is  known  from  the  computer  program  (App,  H)  from  the 
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kinematic  and  static  load  analyses.  The  numerical  integration  proces 
to  obtain  4>&v  i®  also  written  into  the  computer  program.  However,  to 
illustrate  how  this  is  done,  a  numerical  example  will  be  given  in 
Appendix  K. 

The  maximum  instantaneous  surface  temperature  r^se,  AT,  is 
given  by  Equation  (82),  with  0  taken  as  42.  15  lb/®F-in.sec*  (App.  A). 
In  other  words, 


0.361  f  w*  -  Jpgl | 


(100) 


The  maximum  instantaneous  surface  temperature,  Tc,  is  then 

Tc  =  Ts  +  AT  (101) 

Equations  (97),  (98),  (99),  (72),  (100),  and  (101 )  are  then  em¬ 
ployed  to  compute  the  instantaneous  values  of  Tc  in  the  gear  mesh  at 
different  power  levels.  The  computer  program  is  presented  in 
Appendix  H,  along  with  a  sample  run  at  600  hp.  The  major  computer 
results  at  600  hp  and  several  additional  power  levels  are  summarized 
in  Table  8.  In  this  table,  P  is  the  power  transmitted;  W  is  the  normal 
tooth  load,  which  depends  only  on  P;  Ts  is  the  quasi-steady  surface 
temperature,  which  depends  only  on  P;  AT  is  the  maximum  instan¬ 
taneous  surface  temperature  rise  somewhere  in  the  gear  mesh,  which 
depends  on  both  P  and  mesh  position;  Tc  is  the  maximum  instanta¬ 
neous  surface  temperature,  which  also  depends  on  both  P  and  mesh 
position;  and  the  critical  temperature  is  constant  for  the  problem. 

It  will  be  recalled  from  Equation  (96)  that  TCr  =  488® F  in  this 
case.  Thus,  from  Table  8,  the  ideal  scoring -limited  power- 
transmitting  capacity,  Pj,  is  expected  to  be  between  900  and  1000  hp. 
A  graphical  way  to  determine  the  value  of  Pi  is  shown  in  Figure  31, 
by  plotting  the  tabulated  values  of  Tc  vs.  P.  The  intersection  of  this 
curve  with  Tcr  =  488® F  yields  Pj  equal  to  957  hp  for  the  ground  spur 
gears. 

Ideal  Scoring  Power  of  Honed  Spur  Gears.  With  the  honed 
spur  gears,  the  initial  composite  surface  roughness,  6i,  is  15.8  jiin. 
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TABLE  8.  IDEAL  SPUR  GEAR  PERFORMANCE  SUMMARY 


P,  hp 

W,  lb 

<j>av*  Btu/sec 

TS,°F 

AT,  °F 

Tc,  °F 

Tcr» 

Ground  gears  (6i 

=  1  3.  7  jjin.  AA) 

600 

2795.  7 

0.  5763 

394.  7 

18.  6 

413.4 

488 

700 

3261. 7 

0.6688 

413.  1 

21.  5 

434.6 

488 

800 

3727.  6 

0.7631 

431.2 

24.2 

455.5 

488 

900 

4193.6 

0.8595 

449.  3 

26.  7 

476.0 

488 

1000 

4659. 6 

0.9583 

467.  5 

28.  8 

496.3 

488 

Honed  gears  (6i  = 

1 5.  8  jjin.  AA) 

600 

2795.  7 

0. 6048 

400.  5 

19.6 

420.1 

480 

700 

3261. 7 

0.  7018 

419.  5 

22.  6 

44r..  1 

480 

800 

3727.6 

0.  8005 

438.  3 

25.5 

463.8 

480 

900 

4193.  6 

0.9015 

457.  1 

28.0 

485. 1 

480 

1000 

4659.  6 

1.0052 

475.9 

30.  3 

506.2 

480 
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AA.  Accordingly,  Equation  (50)  gives 


Tcr  =  540  -  3. 80  6i  =  480°F  (102) 

and  Equations  (60)  and  (61)  give 

i.  A  -an 

£  =  (0.0789  +  0.  00034  6i)(WV8‘3)" 

—  n 

=  0.0842  (WVS'3)' 

i 

at  WVS'J  <200  (103) 

f  =  0.0161  +  0.  00007  6i  =  0.0172 

I 

at  WV8'3  *200  (104) 


It  is  clear  that  Equations  (99),  (100),  and  (101)  apply  equally  to  this 
case,  by  noting  that  f  will  now  be  defined  by  Equations  (103)  and  (104). 

Equations  (99),  (72),  (100),  (101),  (103),  and  (1 04)  are  now  em¬ 
ployed  in  the  computer  program  in  the  same  manner  as  in  the  preced¬ 
ing  case.  A  summary  of  the  major  computer  results  is  presented  in 
Table  8.  A  plot  of  Tc  vs.  P  for  this  case  is  shown  dashed  in  Figure 
31.  The  ideal  scoring -limited  power-transmitting  capacity,  Pj,  is 
then  equal  to  873  hp  for  the  honed  spur  gears. 

Actual  Scoring  Power  of  Ground  Spur  Gears.  In  order  to  pre¬ 
dict  the  actual  scoring -limited  power-transmitting  capacity,  it  is 
necessary  to  estimate  the  misalignment  factor,  Sm,  and  the  dynamic 
factor,  Sd,  and  then  apply  Equation  (67). 

In  order  to  estimate  Sm,  both  the  angular  misalignment,  e, 
and  the  unit  tangential  tooth  load,  wt,  are  required.  The  unit  tangen¬ 
tial  tooth  load  for  any  gear  set  is 
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(105) 


_  126050 P 
np  d  F 

where  wt  = 

unit  tangential  tooth  load,  ppi 

P  = 

p~)wer  transmitted,  hp 

np  = 

pinion  speed,  rpm 

d  = 

pitch  diameter  of  pinion,  in. 

F  = 

effective  face  width,  in. 

For  the  ground  gear  sets,  the  average  tooth  misalignment,  e, 
was,  as  stated  previously,  estimated  to  be  0.00076  rad.  At  Pi  =  957 
hp,  the  unit  tangential  tooth  load,  wt,  is  (126050  x  957)/(8000  x 
3.6471  x  1.25)  =  3308  ppi.  Accordingly,  withe  =  0.  00076  rad.  and 
wt  =  3308  ppi.  Figure  28  gives  Sm  =  0.  80  by  interpolation. 

To  estimate  the  dynamic  factor,  it  is  assumed  that  Sd  =  Kv2 
(Chap.  VII,  Sect.  D).  The  pitchline  velocity  is  Vt  =  7636  fpm.  At 
this  Vt,  Figure  30  gives  Sd  =  Ky2  =  0.68. 

Having  thus  estimated  the  values  of  Sm  and  Sd,  Equation  (67) 
then  gives  a  predicted  actual  scoring -limited  power-transmitting 
capacity  of 

PA  =  Pi  Sm  Sd 

=  957  x  0.80  x  0.68  =  521  hp 

This  predicted  Pa  may  be  compared  with  the  experimentally 
determined  Pa  given  in  Appendix  F.  If  the  comparison  is  made  with 
the  average  experimentally  determined  Pa  of  >679  hp,  then  the  pre¬ 
diction  is  at  least  23  percent  too  low.  Such  a  comparison  is,  however, 
not  correct  because  the  average  Pa  has  no  statistical  meaning.  The 
proper  basis  of  comparison  should  be  the  statistically  deduced, 
experimentally  determined  Pa  of  507  hp.  On  this  basis,  the  predic¬ 
tion  is  seen  to  be  only  3  percent  too  high. 

Actual  Scoring  Power  of  Honed  Spur  Gears.  As  stated  earlier, 
the  average  tooth  misalignment  for  the  honed  spur  gears  was  0.  00084 
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rad.  At  Pi  =  873  hp,  wt  =  (126050  x  873)/(8000  x  3.6471  x  1.25)  = 
3017  ppi.  At  e  =  0.  00084  and  wt  =  3017  ppi,  Figure  28  gives  Sm  = 
0.78. 


Let  it  be  assumed  again  that  =  Kv2  =  0.68  at  Vt  =  7638 
fpm.  Then  the  predicted  is 

PA  =  873  x  0.78  x  0.68  =  463  hp 

Appendix  F  shows  that  the  average  experimentally  determined 
PA  is  606  hp,  and  the  statistically  deduced  .experimentally  determined 
Pp  is  425  hp.  As  argued  earlier,  the  proper  basis  of  comparison  is 
the  statistically  deduced  Pa  of  425  hp.  On  this  basis,  it  is  seen  that 
the  predicted  Pa  is  9  percent  too  high. 

C.  Helical  Gear  Test  Program 

As  mentioned  earlier,  the  helical  gear  test  program  was  not 
run.  However,  a  computer  program  for  helical  gears  has  been  written 
(App.  I),  the  basis  for  which  will  be  explained. 

The  test  gears  intended  for  the  test  program  were  to  be  made  of 
AISI  9310  CEVM  steel,  carburized  and  surface -treated  with  a  black 
oxide  as  shown  in  Table  9,  which  also  presents  the  design  data.  The 
surface  finish  on  both  pinion  and  gear  was  specified  to  be  22  fii n.  AA 
maximum.  If  the  gears  were  produced  to  this  maximum  surface  finish, 
then,  by  Equation  (B-4)  in  Appendix  B,  the  initial  composite  surface 
roughness  of  a  gear  set  would  be  =  3  (22  +  22)/4  =  33  j/in.  AA. 

The  test  oil  was  to  be  Oil  F,  a  MIL-L-7808G  synthetic  oil. 

The  tests  were  to  be  run  at  a  pinion  speed  of  5,  000  rpm,  with 
the  pinion  as  the  driver.  The  corresponding  pitchline  velocity  is 
5,028  fpm.  The  oil  jet  temperature  was  to  be  190°F. 

Ideal  Scoring  Power  of  Helical  Gears.  For  reasons  given  in 
Chapter  VII,  the  critical  temperature,  TCr»  and  the  coefficient  of  fric¬ 
tion,  f,  are  herein  assumed  to  be  those  of  the  plain  surfaces,  i.e. , 
surfaces  as  if  no  black  oxide  were  present.  Therefore,  at  the  assumed 
value  of  6i  =  33  jiin.  AA,  Equation  (50)  gives 

Tcr  =  540  -  3. 80  =  415°F  (106) 
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TABLE  9.  HELICAL  GEAR  DESIGN  DATA 


Pinion 

(Driver) 


Gear 

(Driven) 


Number  of  teeth 

31 

138 

Diametral  pitch  (normal  plane),  in. 

8.  5 

8.5 

Pitch  diameter,  in. 

3.  8413 

17.6998 

Face  width,  in. 

2.  500 

2.  380 

Pressure  angle  (normal  plane),  deg 

22.  0 

22.0 

Outside  diameter,  in. 

4.  032 

17.290 

Root  diameter,  in. 

3.  528 

16.786 

Mean  circular  tooth  thickness  (normal  plane), 

in.  0.1782 

0.1782 

Helix  angle,  deg 

18.2966 

18.2966 

Lead  of  helix,  in. 

36. 5000 

162.4681 

Hand  of  helix 

LH 

RH 

Start  of  tip  modification,  deg  roll 

26.88 

25.18 

End  of  tip  modification,  deg  roll 

30.  74 

25.95 

Nominal  slope  of  tip  modification  line,  in. 

0. 00008 

0.00008 

Nominal  slope  of  profile  slope  line,  in. 

0 

0 

Nominal  slope  of  tooth  slope  line,  in. 

0 

0 

Maximum  allowable  errors: 

Tooth  to  tooth  spacing,  in. 

0.  0002 

0.0003 

Accumulated  spacing,  in. 

0.  0006 

0.0010 

Slope  of  tip  modification  line,  in. 

±0.  00008 

±0.00008 

Slope  of  profile  slope  line,  in. 

±0.  0002 

±0.0002 

Slope  of  tooth  slope  line,  in. 

±0.  0015 

±0.0002 

Material  and  surface: 

Material,  AISI 

9310 

9310 

Case  thickness,  in. 

0.  030-0.  040 

0.030-0.  04 

Case  hardness,  Rc 

60-63 

60-63 

Core  hardness, 

33-41 

33-41 

Surface  finish,  pin.  AA  max. 

22 

22 

140 


To  calculate  the  coefficient  of  friction,  note  that  the  direction 
of  sliding  in  helical  gears  is  not  normal,  but  inclined,  to  the  orienta¬ 
tion  of  the  grinding  grooves.  In  this  case,  the  helix  angle  of  the  gear 
set  is  =  18.2966°,  so  the  direction  of  sliding  makes  an  angle  of 
90  -  18.2966  =  71.  7034°  to  the  grinding  grooves;  and  c  ot  (71. 7034°)  = 
0.  33065.  An  approximate  way  to  account  for  this  orientation  effect  is 
to  interpolate  between  Equations  (56)  and  (5  7)  for  the  cross -ground 
situation  and  Equations  (54)  and  (55)  for  the  circumferentially -ground 
situation.  The  equations  for  f  are  then  approximately 

f  =  [o.0755  +  0.  33065  (0.  0920  -  0.  0755) 

+  0.  00034  6iJ  (WVa'V0*30 

i  n  in 

=  (0.0810  +  0.00034  6i)(WVs  3) 

=  0.  0922  (WVg-1)"0,  30 


at  WV8  3  <200  (107) 


f  =  0.0154  +  0.  33065  (0.0188  -  0.  0154)  +  0.00007  6j 


0.0165  +  0.00007  =  0.0188 


at  WV8”3  *200  (108) 


The  quasi-steady  surface  temperature,  Ts,  is  given  by  Equa¬ 
tion  (69),  thus: 


Ts  =  Tj  +  C' 4>°v8°  =  190+  312.  5  <h 


0.  80 
av 


(109) 


where  <J>av  is  now  defined  by  Equation  (85).  In  assigning  the  value  of 
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C',  it  is  assumed  that  the  oil  jet  flow  rate  is  0.60  gpm.  Then  Figure 
25  gives  C  =  125,  and  Equation  (76)  yields  C'  =  2.5  X  125  =  312.5. 

The  computation  of  4av  by  Equation  (85)  is  accomplished  by  the 
computer  program  (App.  I)  as  explained  in  Chapter  VII,  Section  E. 

A  numerical  example  for  this  computation  will  be  given  in  Appendix  K. 

The  maximum  instantaneous  surface  temperature  rise,  AT,  is 
given  by  Equation  (87),  with  fi  -  42.15  lb/°F-in.sec*. 

The  maximum  instantaneous  surface  temperature,  Tc,  is  thus 
given  by  Equation  (101). 

Equations  (107),  (108),  (109),  (85),  (87),  and  (101)  are  ther 
employed  in  the  computer  program  to  compute  the  instantaneous 
values  of  Tc  at  various  points  on  various  instantaneous  lines  of  con¬ 
tact  in  the  gear  mesh,  at  different  power  levels.  The  computer  pro¬ 
gram  is  presented  in  Appendix  I,  along  with  a  sample  run  at  600  hp. 
The  major  computer  results  at  600  hp  and  several  additional  power 
levels  are  summarized  in  Table  10.  The  symbols  in  Table  10  are 
defined  the  same  way  as  in  Table  9,  except  that  AT  and  thus  Tc  are  the 
maximas  somewhere  on  one  of  the  instantaneous  lines  of  contact 
somewhere  in  the  mesh. 

Figure  32  presents  a  plot  of  Tc  vs.  P  given  in  Table  10.  At 
the  assumed  Tj  =  190  F,  the  figure  yields  a  predicted  ideal  scoring- 
limited  power-transmitting  capacity,  Pi,  of  1210  hp. 

As  a  matter  of  interest,  Figure  32  also  shows  the  ideal  per¬ 
formance  for  an  assumed  Tj  =  250° F,  the  same  oil  jet  temperature 
at  which  the  spur  gears  were  tested.  For  this  case,  Equation  (109) 
should  be  changed  to  read  Ts  =  250  +  312.  5  with  all  other 

equations  remaining  the  same.  The  corresponding  performance  is 
shown  dashed  in  Figure  32,  and  the  corresponding  predicted  Pj  is 
796  hp. 


Actual  Scoring  Power  of  Helical  Gears.  In  the  absence  of 
other  specific  information,  let  it  be  assumed  that  the  gear  misalign¬ 
ment  is  e  =  0.001  rad.  The  procedure  for  estimating  the  misalign¬ 
ment  factor,  Sm,  of  spur  gears  will  be  employed  for  helical  gears 
as  well.  The  procedure  will  yield  Sm  =  0.68  for  the  case  of  Tj  = 
190°F,  and  Sm  =  0.61  for  the  case  of  Tj  =  250° F. 

In  estimating  the  dynamic  factor,  Sd*  it  will  be  assumed,  in 


142 


TABLE  10.  IDEAL  HELICAL  GEAR  PERFORMANCE  SUMMARY 


P,  hp 

W,  lb  4>av.  Btu/sec  TS,#F 

AT,  #F 

TC,°F 

Tcr» 

Tj  =  190°  F 

600 

4471.4 

0.2690 

299.  3 

26. 1 

325.4 

415 

700 

5216.6 

0.  3115 

312.9 

27.9 

340.8 

415 

800 

5961.9 

0.  3541 

326.2 

29.7 

355.9 

415 

900 

6707. 1 

0.  3973 

339.  3 

31.  3 

370.6 

415 

1000 

7452. 3 

0.4404 

352.2 

32.8 

385.0 

415 

1100 

8197.4 

0.4835 

364.7 

34.  3 

399.0 

415 

1200 

8942.8 

0.  5265 

377. 1 

36.6 

413.6 

415 

1300 

9688.0 

0.  5695 

389.2 

38.8 

428.0 

415 

1400 

10433.2 

0.6124 

401.1 

41.1 

442.2 

415 

Tj  =  250°  F 

600 

4471.4 

0.2690 

359.  3 

26. 1 

385.4 

415 

700 

5216.6 

0.  3115 

372.9 

27.9 

400.8 

415 

800 

5961.9 

0.  3541 

386.2 

29.7 

415.9 

415 

900 

6707.1 

0.  3973 

399.3 

31.  3 

430.6 

415 

1000 

7452. 3 

0.4404 

412.2 

32.8 

445.0 

415 

1100 

8197.4 

0.4835 

424.7 

34.3 

459.0 

415 

1200 

8942.  8 

0.  5265 

437. 1 

36.6 

473.6 

415 

1300 

9688.0 

0.  5965 

449.2 

38.8 

488.0 

415 

1400 

10433.2 

0.  6124 

461.1 

41.1 

500.2 

415 
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Figure  32.  Determination  of  ideal  scoring  power  of 

helical  gears 


the  absence  of  other  specific  information,  that  Sd  =  Sdl  for  helical 
gears.  At  Vt  =  5028  fpm,  Figure  30  gives  Sd  =  Sdl  =  0.86. 

From  Equation  (67),  the  predicted  actual  scoring-limited 
power-transmitting  capacity  is  thus  Pa  =  708  hp  for  the  case  of  Tj  = 
190°F,  and  P  =  418  hp  for  the  case  of  Tj  =  250° F.  The  powerful 
influence  of  the  oil  jet  temperature  on  scoring -limited  power- 
transmitting  capacity  is  clearly  indicated. 

The  quality  of  the  above  predictions  is  not  known,  since  no 
tests  were  actually  conducted. 

D.  Spiral  bevel  Gear  Test  Program 

As  mentioned  earlier,  only  one  design  of  spiral  bevel  gears 
was  tested.  The  predicted  performance  and  experimentally  determined 
performance  of  these  gears  will  now  be  compared. 

The  spiral  bevel  gears  in  question  were  made  of  AISI  9310 
CEVM  steel,  carburized  and  surface -treated  with  a  black  oxide  as 
shown  in  Table  11,  which  also  presents  the  design  data.  As  in  the  case 
of  the  helical  gears,  the  surface  finish  of  the  spiral  bevel  gears  was 
specified  to  be  22  jxin.  AA  maximum.  Attempts  were  made  to  measure 
the  actual  surface  roughness  of  these  gears,  but  without  success  (App. 
G).  Accordingly,  for  the  present  estimating  purposes,  a  surface 
finish  of  22  jxin.  AA  on  both  pinion  and  gear  is  assumed.  The  cor¬ 
responding  initial  composite  surface  roughness  of  the  gear  set  is  then 
6j  =  3  (22  +  22)/ 4  =  33  jiin.  AA  by  Equation  (B-4)  in  Appendix  B. 

The  test  oil  was  Oil  F,  a  MIL-L-7808G  synthetic  oil. 

The  tests  were  conducted  at  a  pinion  speed  of  4,  500  rpm,  with 
the  pinion  as  the  driver.  The  corresponding  pitcbline  velocity  is 
4,241  fpm.  The  oil  jet  temperature  was  190°F.  The  oil  jet  flow  rate 
was  0.  45  gpm. 

Ideal  Scoring  Power  of  Spiral  Bevel  Gears.  For  reasons 
given  in  Chapter  VII,  the  critical  temperature,  TCr*  said  the  coefficient 
of  friction,  f,  are  assumed  to  be  those  of  the  plain  surfaces,  i.  e. , 
surfaces  as  if  no  black  oxide  were  present.  Consequently,  at  the 
assumed  valre  of  6i  =  33  jjin.  AA,  Equation  (50)  gives 


Tcr  =  540  -  3.  80  6i  =  41 5°F 


(110) 
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TABLE  11.  SPIRAL  BEVEL  GEAR  DESIGN  DATA 


Number  of  teeth 
Diametral  pitch,  in. 

Pitch  diameter,  in. 

Face  width,  in. 

Pressure  angle,  deg 
Outside  diameter,  in. 

Mean  circular  tooth  thickness,  in 
Outer  cone  distance,  in. 

Mean  cone  distance,  in. 

Working  depth,  in. 

Whole  depth,  in. 

Addendum,  in. 

Dedendum,  in. 

Pitch  apex  to  crown,  in. 

Outer  normal  top  land,  in. 

Mean  normal  top  land,  in. 

Inner  normal  top  land,  in. 

Outer  normal  backlash,  in. 

Pitch  angle,  deg 
Face  angle  to  flank,  deg 
Root  angle,  deg 
Dedendum  angle,  deg 
Outer  spiral  angle,  deg 
Mean  spiral  angle,  deg 
Inner  spiral  angle,  deg 
Hand  of  spiral 

Material,  AISI 
Case  thickness,  in. 

Case  hardness,  Rc 
Core  hardness,  Rc 
Surface  finish,  jjin.  AA  max. 


Pinion 

(Driver) 

Gear 

(Driven) 

22 

23 

6.  Ill 

6.111 

3.  6000 

3.7637 

0.871 

0.  871 

22  ..  5 

22.5 

3.  794 

3.935 

0.213 

0.208 

2.604 

2.604 

2.171 

2. 171 

0.258 

0.258 

0.289 

0.289 

0.  134 

0. 124 

0. 155 

0. 165 

1.789 

1.710 

0.  073 

0.058 

0.  073 

0.  077 

0.074 

0.062 

0.  004 

0.  006 

43.  727 

46.273 

46.244 

48.  556 

41.444 

43.  756 

2.283 

2.517 

44.835 

44. 835 

35.  000 

35.  000 

25.990 

25.990 

LH 

RH 

9310 

9310 

0.030-0.040 

0.030-0.  040 

60-63 

60-63 

33-41 

33-41 

22 

22 

146 


In  calculating  the  coefficient  of  friction,  f,  it  is  noted  that  the 
mean  spiral  angle  of  the  gear  set  is  5  35°.  Thus,  the  sliding 
motion  makes  an  angle  of  90  -  35  =  65*  to  the  grinding  grooves.  Thus, 
using  the  same  procedure  as  for  the  helical  gears,  and  noting  that 
cot  65*  =  0.  70021,  the  approximate  equations  for  f  are 

f  =  [ 0. 0755 +  070021  (0.0920  -  0.0755) 

+  0.  00034  6j  ]  (WV8- V°-  30 
=  (0. 0871  +  0.  00034  6i)  (WV8"  V°*  30 

=  0.0983  (WV8"V°*  30 


at  WVS"^  <200  (111) 

f  =  0.0154  +  0.70021  (0.0188  -  0.0154)  +  0.00007  6i 

=  0.0178  +  0,00007  6i  =  0.0201  (112) 


The  quasi-steady  surface  temperature,  T8,  is  again  given  by 
Equation  (69),  so 


T 


s  “ 


Tj  +  C-4. 


0.80 

av 


190  +  675  + 


0.80 

av 


(113) 


where  4>av  is  defined  by  Equation  (88).  In  this  case,  at  an  oil  jet  flow 
rate  of  0.45  gpm,  C  =  135  from  Figure  25,  and  C'  =  5  x  135  =  675 
from  Equation  (77). 

The  computation  of  $av  by  Equation  (88)  is  accomplished  by  the 
computer  program  (App.  J),  as  explained  in  Chapter  VII,  Section  F. 

A  numerical  example  of  this  computation  will  be  given  in  Appendix  K. 

The  maximum  instantaneous  surface  temperature  rise,  AT,  is 
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i 

given  by  Equation  (90),  with /3  =  42. 1  5  lb/° F-in.-sec2. 

The  maximum  instantaneous  surface  temperature,  Tc,  is  given 
by  Equation  (101). 

Equations  (1 1 1 ),  (112),  (113),  (88),  (90),  and  (1 01 )  are  then  em¬ 
ployed  in  the  computer  program  to  compute  the  maximum  instantaneous 
values  of  Tc  through  the  mesh  at  different  power  levels.  The  computer 
program  is  presented  in  Appendix  J,  along  with  a  sample  run  at  600  hp. 
The  major  computer  results  at  600  hp  and  several  additional  power 
levels  are  summarized  in  Table  12.  In  this  table,  Wt  is  the  tangential 
tooth  load,  and  AT  and  Tc  are  the  maximas  on  an  instantaneous  line  of 
contact  somewhere  in  the  mesh. 

Figure  33  presents  a  plot  of  Tc  vs.  P  given  in  Table  12.  At 
Tj  =  190°F,  the  predicted  ideal  scoring -limited  power-transmitting 
capacity  is  seen  to  be  Pi  =  627  hp. 

Figure  33  also  presents  a  plot  of  Tc  vs.  P  for  Tj  =  250° F.  By 
increasing  Tj  to  250° F,  it  is  seen  that  Pj  is  reduced  to  420  hp. 

Actual  Scoring  Power  of  Spiral  Bevel  Gears.  In  the  absence  of 
other  specific  information,  the  misalignment  factor  for  the  overhung 
spiral  bevel  gear  set  is  taken  as  Sm  0.  70,  in  accordance  with  the 
recommendation  made  in  Chapter  VII,  Section  F.  The  pitchline  veloc¬ 
ity  is  Vt  =  4241  fpm.  Thus,  from  Figure  30,  Sd  =  Sdl  =  0.87. 

Applying  Equation  (67),  the  predicted  actual  scoring -limited 
power-transmitting  capacity  is  then 

PA  =  627  x  0.70  x  0.87  =  382  hp 

for  the  case  of  Tj  =  190#F.  From  Appendix  G,  the  average 
experimentally-determined  Pa  at  Tj  =  190°F  is  367  hp,  and  the 
statistically  deduced,  experimentally  determined  Pa  is  346  hp.  The 
latter  value,  which  is  statistically  more  meaningful,  should  be  used 
as  the  basis  for  comparison.  It  is  seen  that  the  predicted  Pa  is  10 
percent  too  high. 

The  predicted  actual  scoring-limited  power-transmitting 
capacity  of  the  same  gears,  if  operated  at  an  oil  jet  temperature  of 
250°  F,  is 

PA  =  420  x  0.  70  x  0.  87  =  256  hp 
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TABLE  12.  IDEAL  SPIRAL  BEVEL  GEAR 
PERFORMANCE  SUMMARY 

P,  hp  Wt,  lb  <t>av>  Btu/sec  TS,#F  AT,  °F  Tc,  eF  Tcr,*F 


ti 

H— 

vO 

o 

e 

F 

300 

2333.  3 

0. 1013 

400 

3111. 1 

0. 1333 

500 

3888.  8 

0. 1651 

600 

4666.  6 

0. 1975 

700 

5444. 3 

0.2299 

800 

6222. 1 

0.2623 

Tj  =  250° 

F 

300 

2333.  3 

0.  1029 

400 

3111.  1 

0.  1353 

500 

3888.8 

0. 1676 

600 

4666. 6 

0.2005 

700 

5444.  3 

0.2334 

800 

6222. 1 

0.2662 

298. 1 

20.  5 

318.7 

415 

324.  7 

24.2 

348.9 

415 

349.  8 

28.6 

378.4 

415 

374.4 

32.  8 

407.3 

415 

398.  3 

36.9 

435.1 

415 

421.4 

40.  7 

462.1 

415 

358.  1 

20.  5 

378.7 

415 

384.7 

24.2 

408.9 

415 

409.8 

28.6 

438.4 

415 

434.4 

32.  8 

467.3 

415 

458.  3 

36.9 

495.1 

415 

481.4 

40.  7 

522.1 

415 
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Figure  33.  Determination  of  ideal  scoring  power  of 
spiral  bevel  gears 
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which  is  much  lower  than  that  predicted  for  Tj  =  190°F. 
no  test  data  are  available  for  comparison  in  this  instance 


However, 
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CHAPTER  DC 

CONCLUSIONS  AND  REC OMMENDAT IONS 


A.  Conclusions 

A  method  has  been  devised  for  predicting  the  scoring  potential 
and  scoring -limited  power -transmitting  capacity  of  spur,  helical,  and 
spiral  bevel  gears.  Computer  programs  for  making  such  predictions 
for  the  three  gear  types  have  been  written  and  are  presented  herein. 

In  order  to  evaluate  the  quality  of  the  predictions  made,  full- 
scale  scoring  tests  have  been  performed  on  typical  aircraft-quality 
gears  by  Bell  Helicopter  Company,  the  subcontractor.  The  predicted 
scoring-limited  power-transmitting  capacities  have  been  found  to  be 
within  10  percent  of  the  statistically  deduced  test  results  from  two 
series  of  tests  on  spur  gears  and  one  series  of  tests  on  spiral  bevel 
gears.  Helical  gears  were  not  tested  in  this  program,  due  to  dif¬ 
ficulties  encountered  by  the  subcontractor  in  the  scheduling  of  gear 
manufacturing  and  testing. 

The  predictive  scheme  comprises  basically  two  steps.  The 
first  step  involves  the  prediction  of  the  ideal  scoring-limited  power- 
transmitting  capacity,  assuming  perfect  tooth  alignment  and  no  dy¬ 
namic  tooth  load.  The  probable,  actual  scoring-limited  power- 
transmitting  capacity  is  then  deduced  from  the  ideal  scoring -limited 
power-transmitting  capacity  by  applying  corrections  for  the  misalign¬ 
ment  and  dynamic  effects. 

Due  to  the  current  lack  of  a  fundamental  understanding  of  the 
mechanism  of  scoring,  the  thermal  behavior  involved,  and  the  detailed 
effects  of  gear  mechanics,  a  completely  rational  approach  in  gear 
scoring  prediction  is  deemed  impossible  at  this  time.  On  the  other 
hand,  a  basically  empirical  procedure,  such  as  the  current  AGMA 
gear  scoring  design  guide,3  leaves  much  to  be  desired.  The  proposed 
scheme  is  accordingly  in  the  nature  of  an  engineering  compromise, 
which  recognizes  the  importance  of  the  above-mentioned  basic  prob¬ 
lems  but  accepts  certain  approximations  imposed  by  the  current  state 
of  the  art. 

The  key  assumption  involved  in  the  methodology  presented 
herein  is  that  the  effects  of  tooth  misalignment  and  dynamic  tooth  load 
can  be  isolated  in  the  prediction  of  the  ideal  scoring-limited  power- 
transmitting  capacity,  and  later  separately  accounted  for  in  the 
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assessment  of  the  actual  scoring -limited  power -transmitting  capacity. 
Once  this  assumption  is  accepted,  the  entire  predictive  scheme  is 
relatively  straightforward;  and  the  only  tasks  that  remain  are  those  of 
establishing  the  various  functional  relationships  and  the  magnitudes  of 
the  several  constants  and  coefficients  involved. 

In  the  prediction  of  the  ideal  scoring-limited  power -transmitting 
capacity,  Blok's  well-known  critical  temperature  hypothesis^,  19,23 
has  been  modified  in  several  respects,  including  quantitative  descrip¬ 
tions  of  the  critical  temperature  and  the  coefficient  of  tooth  friction, 
based  on  data  derived  from  steady -operating  sliding -rolling  disk  tests. 
Perhaps  the  most  important  advance  that  has  been  made  here  is  a 
technique  for  estimating  the  quasi-steady  surface  temperature  of  gears, 
which  has  been  a  totally  neglected  subject  so  far.  However,  due  to  a 
lack  of  information  on  the  heat  transfer  behavior  of  gear  systems,  the 
quantitative  magnitude  of  the  constant  C*  in  Equation  (69)  had  to  be 
assigned  rather  arbitrarily. 

In  the  prediction  of  the  actual  scoring -limited  power- 
transmitting  capacity,  the  major  tasks  have  been  assigning  the  quanti¬ 
tative  magnitudes  of  the  misalignment  factor  and  dynamic  factor.  The 
approach  employed  herein  follows  basically  the  AGMA  procedure  for 
rating  the  strength  of  gear  teeth.  4-6  The  numerical  constants  have 
been  deduced  from  five  sets  of  spur  gear  scoring  test  results  made 
available  to  this  program  by  AGMA. 

It  goes  without  saying  that  the  basic  equations  and  particularly 
the  numerical  constants  and  coefficients  used  herein  are  tentative, 
since  they  were  deduced  from  a  rather  limited  data  base.  Refine¬ 
ments  or  improvements  are  to  be  expected  as  additional  disk  and  gear 
test  results  become  available. 

B.  Recommendations 


The  mechanism  of  scoring  has  been  a  subject  of  serious  re¬ 
search  for  almost  40  years,  since  Blok  published  his  first  paper  in 
1937.1^  Any  refinements  on  this  hypothesis  that  have  been  introduced 
since  that  time  have  been  relatively  minor.  The  general  concept  of 
a  critical  temperature  for  scoring  can  neither  be  defended  nor  be 
refuted  on  strictly  theoretical  ground.  It  appears  that  further  under¬ 
standing  of  the  mechanism  of  scoring  will  require  a  fundamental 
approach  backed  up  by  detailed,  combined  theoretical  analysis  and 
sophisticated  experimental  observations. 
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Granting  the  tentative  nature  of  the  predictive  scheme  presented 
herein,  the  results  clearly  emphasize  the  importance  of  the  thermal 
behavior  of  the  gear  system  in  affecting  the  quasi-steady  gear  surface 
temperature,  and  of  the  effects  of  misalignment  and  dynamic  load  on 
transient  tooth  action  and  hence  on  scoring.  A  definitive  understanding 
of  these  three  facets  of  gear  performance  is  sorely  needed,  either  to 
improve  the  predictive  methodology  as  proposed  herein,  or  hopefully 
to  enable  the  development  of  a  completely  rational  scheme  of  gear 
scoring  prediction. 
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APPENDIX  A 

PROPERTIES  OF  TEST  STEEL  AND  TEST  OILS 


Test  Steel 


All  test  disks  and  test  gears  employed  in  this  program  were 
made  of  AISI  9310  CEVM  steel,  carburized  to  give  a  specified  case 
thickness,  case  hardness,  and  core  hardness. 

The  bulk  properties  of  the  AISI  9310  steel  are  taken  as  follows: 


Quantity 

Symbol 

Unit 

Value 

Remarks 

Young's  modulus 

E 

psi 

30  x  106 

Poisson's  ratio 

V 

- 

0.  30 

Equivalent  Young's 
modulus 

* 

E 

psi 

33  x  106 

E  =  E/(  1  -  VZ) 

Density 

P 

lb/in.3 

0.283 

Specific  heat 

c 

in. /*  F 

1075 

Thermal  conduc¬ 
tivity 

k 

lb/*F-sec 

5.84 

Blok' 8  thermal 
coefficient 

0 

x_ 

lb/°  F-in.sec® 

42.  15 

_i 

0  =  (p  c  k)  a 

Test  Oils 


Two  synthetic  aviation  gas  turbine  lubricants,  a  MIL-L-7808G 
lubricant  herein  designated  as  Oil  F  and  a  MIL-L-23699  lubricant 
herein  designated  as  Oil  E,  were  employed  in  the  program.  Adequate 
quantities  of  these  oils,  each  from  a  single  production  batch,  were 
supplied  for  use  in  both  the  disk  tests  and  the  gear  tests  by  the  USAF 
Aero  Propulsion  Laboratory,  under  the  code  designations  of  0-67-23 
for  Oil  F  and  0-64-2  for  Oil  E. 
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The  measured  properties  of  these  two  oils  at  atmospheric 
pressure  are  as  follows: 


Quantity 

Symbol 

Unit 

Oil  F 

Oil  E 

Specification  MIL-L- 

- 

- 

7808G 

23699 

Density  at  60°  F 

P60 

g/ml 

0.953 

1. 007 

Kin.  viscosity  at  100®F 

^o 

cs 

13.4 

27.  5 

Kin.  viscosity  at  21 0®F 

yo 

cs 

3.23 

5.  07 

Sp.  ht.  at  300° F 

c 

Btu/lb-#  F 

0.  541 

0.  541 

Th.  cond.  at  300° F 

k 

Btu/ft-  0  F-sec 

0.0841 

0. 0703 

Neutralization  no. 

— 

mg  KOH/g 

0.2 

0.2 

The  oil  properties  at  any  temperature  and  pressure  may  be 
calculated  by  the  following  expressions: 

P  =  P60  ‘  G(T  "  6°) 


loglog  (U Q  +  0.60)  =  A  -  B  log  (T  +  460) 
Po  “  v  0P0 
P  =  MoeQ£P 


a 


o 


K 

T/8 


where  T  = 
P 

Po  = 


p60  = 


temperature,  #F 
pressure,  psig 

density  at  atmospheric  pressure  and  temperature  T, 
g/ml 

density  at  atmospheric  pressure  and  60°F,  g/ml 
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VQ  =  kinematic  viscosity  at  atmospheric  pressure  and 
temperature  T,  cs 

HQ  =  absolute  viscosity  at  atmospheric  pressure  and 
temperature  T,  cp 

{X  =  absolute  viscosity  at  pressure  p  and  temperature  T, 
cp 

a  =  pressure-viscosity  coefficient  at  pressure  p  and 
temperature  T,  psi"* 

<*o  =  pressure-viscosity  coefficient  at  atmospheric  pres¬ 
sure  and  temperature  T,  psi-* 

B,  A,  B,  K,/3  =  fitting  constants  which  are  functions  of  the  oil 
in  question 

The  various  fitting  constants  to  be  used  in  the  preceding 
equations  are  as  follows: 


G  x  104  A 

Oil  F  3.94  11.75543 

Oil  E  4.14  11.16683 


B  K  x  104  3 

4.24477  12.717  0.566 

3.99787  9.496  0.492 


APPENDIX  B 

COMPOSITE  SURFACE  ROUGHNESS 


Surface  roughness  has  been  found  to  have  a  significant  effect 
on  the  lubrication- related  failures.  9,  10,  24-26  in  order  to  relate  the 
lubrication  and  failure  behaviors  to  surface  roughness,  some  way  of 
quantitatively  describing  the  "composite  surface  roughness"  of  two 
interacting  surfaces  is  required.  The  method  employed  herein  is 
given  below. 

Composite  Surface  Roughness  of  a  Single  Surface 

The  composite  surface  roughness  of  a  single  surface  is  here¬ 
in  defined  as 

6  =  (6x  +  6y)/2  (B-l) 

=  composite  surface  roughness  of  a  single  surface, 
pin.  AA 

=  surface  roughness  in  one  direction  (usually  the  direc¬ 
tion  of  sliding),  jjin,  AA 

=  surface  roughness  in  the  perpendicular  direction, 

/i in.  AA 

Composite  Surface  Roughness  of  a  Pair  of  Surfaces 

The  composite  surface  roughness  of  a  pair  of  interacting  sur¬ 
faces  is  herein  defined  as 


where  6 


6C  -  6i  + 


(B-2) 


where  6C 

«1 

62 


composite  surface  roughness  of  a  pair  of  surfaces, 
jiin.  AA 

composite  surface  roughness  of  surface  1,  jjin.  AA 
composite  surface  roughness  of  surface  2,  jjin.  AA 
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Approximate  Procedure 


In  general,  it  is  good  practice  to  measure  the  surface  rough¬ 
nesses  of  both  surfaces  in  two  directions,  and  then  calculate  the  com¬ 
posite  surface  roughness  of  each  surface  by  Equation  (B-l)  and  that 
of  the  pair  by  Equation  (B-2).  However,  in  many  practical  cases,  the 
surface  roughness  is  usually  measured  in  only  one  direction.  In  such 
cases,  the  surface  roughness  in  the  normal  direction  has  to  be  as¬ 
sumed. 


With  ground  surfaces,  it  has  been  found  from  measurements 
on  both  the  test  disks  and  test  gears,  as  well  as  a  large  volume  of 
additional  data  on  hand  in  the  authors'  laboratory,  that  the  ratio  of  the 
surface  roughness  across  the  grinding  marks  to  that  in  the  direction 
of  grinding  is  generally  quite  close  to  2.  In  other  words,  if  6X  is  the 
surface  roughness  across  the  grinding  marks,  then  6y  -  6x/2  with 
good  approximation.  It  then  follows  from  Equation  (B-l)  that 


6  -  36x/4 


(B-3) 


and  from  Equation  (B-2)  that 


^c  *  3(6xi  +  6X2 ) / 4 


(B-4) 


With  honed  surfaces,  6X  and  6y  are  usually  nearly  equal.  Thus 


6-  6X 


(B-5) 


and 


Sc  ~  Sx  +  Sy 


(B-6) 
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APPENDIX  C 

ELASTOHYDRODYNAMIC  FILM  THICKNESS 


As  explained  in  Chapter  II,  Section  C,  EHD  film  thickness 
calculations  will  not  be  given  emphasis  in  this  report.  However,  as 
a  matter  of  general  interest,  the  procedure  for  such  calculations 
will  be  given  below. 

Sliding- Rolling  Disks 

The  minimum  oil  film  thickness  developed  by  EHD  action  in  a 
flooded,  elliptic  conjunction  of  perfectly  smooth  surfaces,  in  steady 
operation,  is  given  by  Equation  (5)  and  repeated  below: 


0.54 


0.  70„0.  43 


26.  5 


(M0vt)  '  R 

0.  13  *  0.  03 
w  E 


(C-l) 


where 


minimum  oil  film  thickness,  juin. 


aQ  =  pressure-viscosity  coefficient  of  oil  at  conjunction- 
inlet  temperature  and  near-atmospheric  pressure, 
psi"  * 

/iQ  =  absolute  viscosity  of  oil  at  conjunction-inlet  tempera¬ 
ture  and  near-atmospheric  pressure,  cp 

E  =  equivalent  Young's  modulus  of  material,  psi 

R  =  equivalent  radius  of  curvature  at  the  conjunction,  in. 

w  =  unit  normal  load,  ppi 

Vj.  =  sum  velocity,  ips 

<|>g  =  side  flow  correction  factor 

4>t  =  inlet-shear  thermal  correction  factor 

In  EHD  oil  film  thickness  analysis,  the  controlling  oil  proper¬ 
ties  are  those  prevalent  at  the  conjunction  inlet,  i.e.  ,  at  the 
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conjunction-inlet  oil  temperature,  T0,  and  near-atmospheric  pres¬ 
sure.  If  T0  is  known,  the  appropriate  values  of  Ofo  and  ji0  may  be 
calculated,  as  recommended  in  Appendix  A. 

In  general,  T0  is  higher  than  the  oil  jet  temperature,  Tj,  and 
lower  tnan  the  quasi-steady  surface  temperature,  Ts.  For  a  sliding - 
rolling  disk  system  in  steady  operation,  T0  can  easily  be  measured 
by  means  of  a  thermocouple.  In  case  T0  is  not  known,  then  it  may  be 
estimated,  as  shown  in  Chapter  VI,  Section  E,  as  follows: 

0.  80 

T0  -  Tj  =  C04»  (C-2) 

where  CQ  =  a  fitting  constant,  and  $  =  frictional  power  loss,  Btu/ 
sec. 


For  sliding- rolling  disks,  C0  may  be  estimated  as  given  in 
Chapter  VI,  Section  E;  and  $  is  given  by 


<|>  =  fWVs/9336 


(C-3) 


where  <j>  = 

frictional  power  loss,  Btu/sec 

f 

coefficient  of  friction 

W  = 

normal  load,  lb 

< 

m 

it 

sliding  velocity,  ips 

The  values  of  R,  w,  $8,  and  $t  may  be  obtained  by  the  proce¬ 
dure  outlined  by  Cheng.  37 

Gears 

To  compute  h^  at  any  point  in  a  gear  mesh,  the  effect  of  gear 
mechanics  on  quantities  entering  Equation  (C-l)  must  be  taken  into 
account.  This  matter  is  considered  in  Chapters  in,  IV,  and  V  for 
spur,  helical,  and  spiral  bevel  gears,  respectively. 

In  order  to  estimate  T0  for  gears,  it  should  be  recognized  that 
$  in  Equation  (C-2)  varies  cyclically  through  a  mesh  cycle.  Thus 


Equation  (C-2)  should  be  modified  to  read 

,  0. 80 

To  -  Tj  =  Co$av  (C-4) 

where  4>av  =  average  frictional  power  loss,  Btu/sec,  and  Cq  =  0.  70C1 
by  applying  Equation  (66).  The  estimation  of  C1  and  the  calculation  of 
<}>av  for  gears  are  given  in  Chapter  VII,  Section  B. 

EHD  Film  Thickness  Ratio 

As  explained  in  Chapter  II,  Section  C,  there  is  at  present  no 
viable  way  to  account  for  the  effect  of  surface  roughness  and  surface 
texture  on  the  EHD  film  thickness.  However,  an  empirical  parameter 
is  often  used  in  practice  to  indicate,  in  a  very  approximate  way, 
whether  or  not  the  operation  is  in  the  EHD  regime,  or  how  deeply  the 
operation  is  in  the  boundary  lubrication  regime.  This  parameter  is 
defined  as 


(C-5) 


where  A  =  EHD  film  thickness  ratio 

hm  =  minimum  oil  film  thickness,  jiin. ,  as  given  by  Equation 
(C-l) 

fic  =  composite  surface  roughness  of  a  pair  of  surfaces,  as 
given  in  Appendix  B. 
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APPENDIX  D 

SUMMARY  OF  DISK  TEST  DATA 


Test  Equipment 

The  basic  equipment  employed  in  the  work  reported  herein  is 
the  Caterpillar  disk  tester,^®  which  has,  however,  been  rather  sub¬ 
stantially  modified  in  the  authors'  laboratory. ^  This  tester  employs 
two  identical  test  disks  of  3  in.  diameter  and  14  in.  crown  radius, 
whose  material  and  surface  characteristics  may  be  varied.  Crowned 
disks  are  used  to  minimize  misalignment  problems. 

Figure  D-l  shows  the  general  arrangement  of  the  test  disks  and 
some  major  instrumentation  used.  The  two  test  disks  are  mounted 
on  parallel  shafts  and  a  normal  load,  W,  is  applied  between  them. 

The  lower  shaft  is  driven  by  a  variable -speed  hydraulic  motor  through 
pulleys  and  timing  belt.  The  upper  shaft  is  driven  off  the  lower  shaft 
by  means  of  one  of  several  sets  of  phase  gears  of  different  speed 
ratios.  The  surface  velocities  of  the  two  disks  are  Vi  and  V2,  thus 
the  sliding  velocity  is  V8  =  Vl  -  V2,  the  sum  velocity  is  Vt  =  Vi  +  V2, 
and  the  sliding-to-sum  velocity  ratio  is  M  =  Vs/Vt. 

The  test  oil,  at  temperature  Tj,  is  jetted  toward  the  center  of 
the  conjunction  in  the  center  plane  of  the  disks.  The  disks  are  cooled 
largely  by  impinging  jets  of  the  test  oil  supplied  by  a  horn  which  en¬ 
velopes  halves  of  the  disks.  The  oil  pressure  is  maintained  at  40 
psig,  and  the  total  oil  flow  rate  is  approximately  20  gpm.  The  oil 
temperature  at  the  conjunction  inlet,  T0,  is  measured  by  a  thermo¬ 
couple  probe  placed  in  the  center  plane  of  the  disks,  0.250  in.  ahead 
of  the  conjunction  center,  and  riding  with  a  slight  pressure  on  one  of 
the  disks.  The  quasi-steady  surface  temperature  of  the  disks,  Ta,  is 
estimated  from  T0  by  means  of  a  relationship  established  by  a  sepa¬ 
rate  calibration  employing  thermocouples  embedded  in  the  disks  and 
operating  the  disks  with  Vl,  V2,  W,  Tj  and  the  oil  systematically 
varied. 


The  upper  shaft  of  the  Caterpillar  tester  is  so  instrumented 
that  the  reaction  torque  on  this  shaft  can  be  measured.  The  disk 
friction  torque,  Tf,  is  then  the  difference  between  the  reaction  torque 
and  the  machine -loss  torque,  the  latter  being  due  principally  to 
losses  in  the  upper-shaft  support  bearings.  The  machine-loss  torque 
is  derived  from  a  separate  calibration  involving  operating  the  disks 
in  both  normal  and  reverse  directions  of  rotation  with  the  same 
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Figure  D-l.  Arrangement  of  test  disks  and  instrumentation 

for  SwRI  disk  tester  A 
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Vli  V2,  W,  Tj  and  oil;  and  with  these  variables  varied  systemati¬ 
cally.  The  disk  coefficient  of  friction  is  simply  f  =  Tf/rW,  where 
r  =  1.5  in.  is  the  disk  radius. 

The  occurrence  of  metallic  contact  between  the  disks  is  ob¬ 
served  by  the  instantaneous  contact  resistance  technique.  With 
straight  mineral  oils,  reduction  of  the  contact  resistance  to  near 
zero  is  a  good  indication  of  metallic  contact  and  usually  of  scoring 
when  the  test  conditions  are  such  that  scoring  occurs.  With  reactive 
oils,  the  contact  resistance  often  collapses  only  partially  due  to  the 
presence  of  a  reactive  surface  film,  so  that  the  technique  provides 
no  reliable  indication  of  asperity  contact.  A  slight  but  abrupt  in¬ 
crease  in  the  reaction  torque  is  usually  the  best  indication  of  scoring 
under  these  circumstances.  In  all  cases,  actual  scoring  is  always 
verified  by  visual  examination. 

Test  Disks 


The  test  disks  employed  in  this  program  were  all  fabricated 
b'j  the  Bell  Helicopter  Company.  They  were  all  3  in.  in  diameter  and 
had  a  crown  radius  of  14  in.  They  were  made  of  A1SI  9310  CEVM 
steel,  carburized  to  give  a  case  thickness  of  0.045-0.053  in.,  a  case 
hardness  as  given  in  Table  D-l,  and  a  core  hardness  of  36-41  Rc. 

As  shown  in  Table  D-l,  10  different  types  of  test  disks  were 
used,  consisting  of  5  types  of  surface  finishes  and  2  types  of  surface 
treatments.  The  "plain"  disks  were  not  surface-treated,  i.e.,  they 
were  as  ground  or  honed.  The  "oxided"  disks  were  surface-treated 
with  a  black  oxide  after  grinding  or  honing.  The  black  oxide  was 
applied  in  accordance  with  BHC  Specification  BPSFW  4084,  to  a  nomi¬ 
nal  thickness  of  "less  than  100  pin.  "  However,  measurements  made 
at  SwRI  showed  virtually  no  effect  on  the  surface  roughness  by  the 
black  oxide  treatment.  The  symbol  6j  denotes  the  initial  composite 
surface  roughness  of  the  disk  pairs. 

Disk  Test  Program 

The  10  types  of  disks  were  tested  with  2  test  oils,  over  a 
range  of  sliding  and  sum  velocities  to  be  detailed  later.  Most  of  the 
tests  were  conducted  at  an  oil  jet  temperature  of  190°F,  with  some 
at  140°  F.  As  shown  in  Table  D-2,  187  tests  were  performed,  1 60  of 
which  resulted  in  scoring  failure. 
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TABLE  D-l.  AVERAGE  PROPERTIES  OF  TEST  DISK  PAIRS 


Disk 

type 

Surface 

finish 

Surface 

treatment 

Case  hardness, 
Rc 

•i- 

uin.  AA 

1 

Soft  circ.  ground 

Plain 

58  ±  1 

26  ±  2 

1A 

Soft  circ.  ground 

Oxided 

58  ±  1 

26  ±  2 

3 

Rough  circ.  ground 

Plain 

62  ±  1 

24  ±  2 

3A 

Rough  circ.  ground 

Oxided 

62  ±  1 

24  ±  2 

5 

Honed 

Plain 

62  ±  1 

5.  5  ±  1 

5A 

Honed 

Oxided 

62  ±  1 

5.  5  ±  1 

7 

Rough  cross  ground 

Plain 

62  ±  1 

23.5  ±  1 

7A 

Rough  cross  ground 

Oxided 

62  ±  1 

23.  5  ±  1 

9 

Smooth  circ.  ground 

Plain 

62  ±  1 

9.5  ±  1 

9A 

Smooth  circ.  ground 

Oxided 

62  ±  1 

9.  5  ±  1 
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TABLE  D-2.  NUMBER  OF  DISK  TESTS  PERFORMED 


Oil  Tj, 

code  °F 

Disk 

No. 

AND  SCORED 

of  tests 

Disk 

No. 

of  tests 

type 

Total 

Scored 

type 

Total 

Scored 

F  190 

1 

5 

5 

1A 

5 

5 

F  190 

3 

65 

58 

3A 

24 

20 

140 

3 

- 

- 

3A 

7 

7 

F  190 

5 

3 

3 

5A 

5 

4 

F  190 

7 

6 

6 

7A 

4 

3 

F  190 

9 

_3 

_2 

9A 

_6 

_5 

Total  for  Oil 

F 

82 

74 

5J_ 

44 

E  190 

3 

1 

1 

3A 

12 

12 

140 

3 

- 

- 

3A 

6 

6 

E  190 

5 

3 

3 

5A 

8 

5 

E  190 

7 

4 

3 

7A 

2 

0 

140 

7 

2 

2 

7A 

- 

- 

E  190 

9 

_6 

_4 

9A 

10 

_6 

Total  for  Oil 

E 

1 6 

1_3 

38 

29 

Grand  total 

98 

87 

89 

11 
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Note  further  from  Table  D-2  that  the  number  of  tests  per¬ 
formed  with  Oil  F  was  82  with  plain  disks  and  51  with  oxided  disks, 
or  a  total  of  133.  The  number  of  tests  performed  with  Oil  E  was  16 
with  plain  disks  and  38  with  oxided  disks,  or  a  total  of  54.  Viewed 
in  another  way,  98  tests  were  performed  with  the  plain  disks,  while 
89  tests  were  performed  with  the  oxided  disks. 

! 

Further,  most  of  the  tests  were  performed  with  Types  3  and  , 

3A  disks  (a  total  of  109  tests  for  both  oils),  mainly  du»  to  the  cus¬ 
tomary  use  of  circumferentially-ground  disks  in  disk  testing  and  also 
cost  considerations.  As  it  turned  out,  it  was  found  that,  at  about 
the  same  initial  composite  surface  roughness  (Table  D-l),  Types 
7  and  7A  disks  gave  substantially  different  results  from  Types  3  and 
3A  disks  (Chap.  VI).  Since  spur  gears  generally  slide  normal  to  the 
grinding  marks,  and  the  helical  and  spiral  bevel  gears  approximate 
this  condition,  it  would  have  been  more  desirable  to  run  more  tests 
with  the  cross -ground  disks.  Unfortunately,  this  could  not  be  done 
in  the  program,  as  the  disks  had  to  be  ordered  and  fabricated  in 
advance,  and  the  program  could  not  be  modified  by  the  time  this 
effect  was  noted. 

Disk  Test  Procedure 

The  test  disks  were  examined  for  nicks,  scratches,  rust 
spots,  etc. ,  and  wiped  dry;  after  which  they  were  inspected  for  ase 
hardness  and  transverse  and  circumferential  surface  roughnesses. 

Then  they  were  covered  with  a  straight  mineral  oil  and  placed  in 
storage.  Just  prior  to  testing,  they  were  cleaned  with  trisolvent, 
wiped  dry  with  a  clean  cloth,  and  assembled  on  the  shafts  to  check 
the  runout. 

The  break-in  of  the  test  disks  was  performed  using  the  de¬ 
sired  test  oil  at  Tj  =  90°F,  Vs  =  23.6  ips,  and  Vt  =  70.  8  ips.  The 
load  schedule  comprised  4  equal  increments  of  500  lb  of  15  min 
duration  each,  which  gave  a  maximum  break-in  load  of  2000  lb. 

This  break-in  procedure  was  used  regardless  of  the  test  conditions 
to  be  employed  later.  Following  the  break-in,  the  disks  were  re¬ 
moved  from  the  shafts  for  inspection  and  surface  roughness  measure¬ 
ment,  and  then  reinstalled  for  subsequent  testing. 

The  testing  was  performed  using  the  desired  Tj  at  an  initial 
load  of  70  lb,  with  V8  and  Vt  brought  up  to  the  desired  values.  Sub¬ 
sequent  to  this,  the  load  was  increased  in  equal  increments  of  35  lb 
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of  3  min  duration  each,  until  scoring  failure  occurred  or  until  the 
machine  capacity  (about  6000  lb)  was  reached.  Upon  conclusion  of 
the  test,  the  disks  were  removed  for  inspection  and  surface  rough¬ 
ness  measurement. 

When  changing  from  an  oil  to  one  of  another  type,  the  follow¬ 
ing  procedure  was  used:  The  used  test  oil  was  first  drained  from 
the  system.  The  system  was  flushed  completely  with  a  clean  tri¬ 
solvent  (equal  parts  of  reagent  grade  acetone,  benzene,  and  isopropyl 
alchohol),  which  was  drained  and  discarded.  This  was  followed  by 
two  more  flushings  with  the  clean  solvent.  The  system  was  then 
charged  with  new  test  oil.  This  oil  was  circulated  for  30  min,  then 
drained  and  discarded.  A  second  charge  of  test  oil  was  handled 
likewise.  After  this  oil  was  drained,  the  sump  was  filled  with  its 
normal  charge  of  test  oil.  When  testing  for  extended  periods  with 
the  same  oil,  samples  were  periodically  drawn  and  checked  for  vis¬ 
cosity  and  neutralization  number  changes,  and  the  oil  was  replaced 
as  necessary  by  draining  and  one  flushing  with  new  oil.  The  criteria 
for  oil  change  were  a  viscosity  increase  of  5  percent,  or  a  neutrali¬ 
zation  increase  of  0.2  mg  KOH/g.  These  conditions  were,  however, 
never  reached  in  the  tests  reported  herein. 

The  surface  roughnesses  of  the  disks  were  measured  at  the 
end  of  each  break-in  and  also  at  the  end  of  each  test,  from  which  the 
corresponding  composite  surface  roughnesses  of  the  disk  pairs  were 
calculated  by  the  procedure  given  in  Appendix  B.  For  the  break-in 
and  test  procedures  used  herein,  it  was  found  that  the  composite  sur¬ 
face  roughness  of  the  disk  pairs  was  generally  reduced  about  20  per¬ 
cent  after  break-in  and  about  30  percent  after  test. ^5.  26  These 
values  did  not  vary  much  when  all  tests  were  taken  as  a  whole. 
Therefore,  for  the  sake  of  brevity,  these  composite  surface  rough¬ 
ness  values  are  not  included  in  the  data  tabulation  in  this  report. 

Summary  of  Disk  Test  Results 

The  summaries  of  all  disk  test  results  are  given  in  Tables 
D-3  to  D-23.  Each  table  presents  the  conditions  reached  at  scoring 
in  each  test  for  a  given  test  disk  and  test  oil  combination,  at  a  given 
test  oil  jet  temperature.  Replicate  tests  were  run  in  most  cases, 
sometimes  to  as  many  as  5  to  6  tests. 

The  nomenclature  and  symbols  used  in  these  tables  have 
mostly  been  introduced  earlier,  and  also  given  in  the  List  of  Symbols 
at  the  end  of  this  report.  The  only  necessary  explanations  are  given 
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below. 


The  "mode"  o£  scoring  failure  is  identified  as  follows:  The 
symbol  "CR"  represents  that  scoring  was  detected  by  a  collapse  of 
the  instantaneous  contact  resistance  and  subsequently  verified  by 
visual  inspection.  The  symbol  "TO"  represents  that  scoring  was 
detected  by  a  torque  increase  and  subsequently  verified  by  visual 
inspection.  The  symbol  "PS"  represents  premature  scoring,  i.  e. , 
scoring  occurring  during  the  first  load  step  (W  =  70  lb)  and  in  most 
instances  before  the  conditions  stabilized.  The  symbol  "No"  repre¬ 
sents  that  no  scoring  was  obtained  at  the  reported  highest  load,  at 
which  time  the  test  was  terminated. 

Except  as  noted  below,  the  quantities  W,  f,  T0,  and  Ts  are 
measured  quantities.  The  quantity  AT  was  computed  by  Equation  (3) 
in  Chapter  II,  by  using  Kelley's  equivalent  unit  load  18  since  the  test 
disks  are  crowned.  Tc  is  as  defined  by  Equation  (1)  in  Chapter  II. 

The  minimum  oil  film  thickness,  hm,  was  computed  by 
Equation  (C-l)  in  Appendix  C,  by  taking  <J>B4>t  =  1*  The  EHD  film 
thickness  ratio,  A,  was  calculated  by  Equation  (C-5)  in  Appendix  C, 
based  on  hm  as  computed  above  and  the  composite  surface  roughness 
of  each  disk  pair  at  the  end  of  the  test. 

For  each  set  of  replicate  tests,  the  scoring  load  or  the  highest 
test  load,  W,  for  each  test  is  tabulated.  The  average  scoring  load, 
Avg.  W,  for  the  replicate  tests  is  given  immediately  below  the  tabu¬ 
lated  values  of  W. 

For  each  set  of  replicate  tests,  the  conjunction  temperature, 
Tc,  for  each  test  at  scoring  is  tabulated.  The  critical  temperature, 
Tcr,  is  computed  by  Weibull  analysis  from  the  individual  values  of 
Tc  for  the  replicate  tests,  at  10-percent  probability.  This  Tcr  value 
is  given  immediately  below  the  tabulated  Tc  values.  The  values 
given  in  the  parenthesis  immediately  after  the  Tcr  value  are  the  lower 
and  upper  limits  of  Tcr  at  90-percent  confidence. 

In  performing  the  Weibull  analysis,  all  Tc  values  for  the 
prematurely  scored  tests  were  treated  as  if  these  tests  actually 
scored  at  the  initial  load  of  70  lb,  and  the  coefficient  of  friction  at 
scoring  was  estimated  from  the  f  vs.  W  history  of  the  other  tests  in 
the  same  set.  From  these  f  and  W  values,  the  approximate  values  of 
T0,  Ta,  AT,  and  Tc  were  computed.  For  tests  with  no  scoring,  the 
tabulated  values  of  Tc  were  treated  as  suspensions,  and  included  in 


the  Weibull  analysis. 

These  results  are  discussed  in  Chapter  VI,  along  with  other 
available  data. 
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TABLE  D-  3.  SCORING  RESULTS  FOR  TYPE  1  DISKS  AND  OIL  F  (T, 
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Avg.  W  =  141  Tcr  -  362  (341 /384) 


TABLE  D-5.  SCORING  RESULTS  FOR  TYPE  3  DISKS  AND  OIL  F  <T:  =  190*F) 
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TABLE  D-5.  SCORING  RESULTS  FOR  TYPE  3  DISKS  AND  OIL  F  (T:  -  190*F)  (Cont’d) 
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TABLE  D-6.  SCORING  RESULTS  FOR  TYPE  3A  DISKS  AND  OIL  F  (Tj  =  190“F) 
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TABLE  D-7.  SCORING  RESULTS  FOR  TYPE  3A  DISKS  AND  OIL  F  (Tj  =  140*F) 
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TABLE  D-U.  SCORING  RESULTS  FOR  TYPE  7A  DISKS  AND  OIL  F  (Tj  =  190*F) 
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TABLE  D-13.  SCORING  RESULTS  FOR  TYPE  9A  DISKS  AND  OIL  F  <Tj  =  190*F) 
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TABLE  D-16.  SCORING  RESULTS  FOR  TYPE  3A  DISKS  AND  OIL  E  (Tj  =  140*F)  (Cont'd) 
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TABLE  D-18.  SCORING  RESULTS  FOR  TYPE  5A  DISKS  AND  OIL  E  (T:  =  190*F)(Cont'd) 
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APPENDIX  E 

ANALYSIS  OF  AGMA  SPUR  GEAR  TEST  DATA 


As  an  aid  to  evaluating  the  scoring -limited  performance  of 
typical  aerospace  power  gears,  13  sets  of  full-scale  spur  gear  scoring 
test  results,  collected  by  the  Tribilogy  Division,  AGMA  Aerospace 
Gearing  Committee,  were  supplied  to  this  program.  Only  five  sets  of 
such  data,  from  tests  employing  AISI  9310  steel  gears  and  MIL-L-7808  » 

or  MIL-L-23699  oils  that  went  far  enough  to  reach  scoring,  were 
analyzed  and  made  use  of  herein. 

A  brief  description  of  the  five  test  series  selected  for  analysis 
is  given  in  Table  E-l.  Note  that  Series  A1 ,  A2,  and  A3  were  identical 
except  for  the  surface  roughness  of  the  test  gears.  Other  than  Series 
B,  all  tests  were  performed  at  an  oil  jet  temperature  of  200°F  at  an 
unreported  oil  flow  rate,  and  the  gear  surface  temperature  was  not 
measured.  Series  B  was  performed  at  an  unreported  oil  jet  tempera¬ 
ture  with  the  oil  flow  rate  varied  but  not  reported;  however,  the  gear 
surface  temperature  was  measured  and  reported. 

The  tests  were  generally  performed  under  the  stated  conditions 
by  progressively  increasing  applied  load  (Series  Al,  A2,  A3,  and  C) 
or  by  progressively  decreasing  the  oil  flow  rate  (Series  B),  until 
scoring  was  obtained. 

Basis  of  AGMA  Reported  Data 

The  AGMA  test  results  are  reported  in  form  of  computer 
printouts  for  each  test,  listing,  among  other  items,  the  values  of  the 
maximum  conjunction- surface  temperature  rise,  AT,  vs.  the  roll 
angle,  based  on  the  AGMA  gear  scoring  design  guide. 3  This  AT 
herein  designated  as  AT(AGMA)  for  clarity,  is  given  for  21  values  of 
roll  angle  through  the  mesh,  and  also  for  the  pitch  point  and  for  the 
lowest  and  highest  points  of  single  tooth  contact.  The  equation  for 
AT(AGMA)  is,  by  simple  algebraic  manipulation  of  the  expression 
given  in  the  AGMA  design  guide, 


AT(AGMA)  =  0.  0175 


I  50  ^ 

//w "  ypgng 

\  50-Si 

XV 

(E-l) 


1 
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TABLE  E-l.  DESCRIPTION  OF  AGMA  SPUR  GEAR  TESTS 


Series  Series  Series  Series  Series 
A1  A2  A3  B  C 


Test  gear  material,  AISI 

Driver  (pinion): 

Np,  no.  of  teeth 
d,  pitch  diameter,  in. 

S',  surface  finish,  fjin.  AA 

Driven  (gears): 

Ng,  no.  of  teeth 
D,  pitch  diameter,  in. 

S',  surface  finish,  fiin.  AA 

Other  gear  characteristics: 

<)>,  pressure  angle,  deg 
F,  effective  face  width,  in. 
mc,  contact  ratio 

Test  oil,  MIL-L- 

Test  conditions: 

np,  driver  speed,  rpm 
ng,  driven  speed,  rpm 
Vt,  pitchline  velocity,  fpm 
Tj,  oil  jet  temperature,  °F 
Oil  flow  rate,  gpm 


9310 

9310 

9310 

9310 

9310 

30 

30 

30 

28 

32 

6.000 

6.  000 

6.000 

5.600 

2.286 

8 

20 

25 

10 

12 

30 

30 

30 

39 

64 

6.000 

6.  000 

6.  000 

7.800 

4.572 

9 

20 

27 

10 

12 

25 

25 

25 

25 

20 

0.  500 

0.  500 

0.500 

1.550 

0.250 

1.47 

1.47 

1.47 

1.48 

1.78 

7808D 

7808D 

7808D 

7808G 

2  3699 

3660 

3660 

3660 

3247 

20000 

3660 

3660 

3660 

2311 

10000 

5749 

5749 

5749 

4760 

11948 

200 

200 

200 

— 

200 
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where  the  various  quantities  are  defined  in  the  List  of  Symbols.  Note 
that  S  ~  surface  roughness  in  the  profile  direction  (after  break-in), 
fi in.  rms. 

The  critical  temperature  hypothesis  (Chap.  II,  Sect.  B)  states 

that 


Tc  =  Ts  +  AT 


(E-2) 


and  that  scoring  occurs  when  Tc  reaches  the  critical  temperature, 
TCr*  for  the  metal-oil  combination  concerned.  Thus,  the  AGMA 
design  guide  gives 

Tcr(AGMA)  =  T  S(AGMA)  +  AT(AGMA)  (E-3) 


i 

I 


where  Tcr(AGMA)  =  Tcr  by  the  AGMA  procedure,  ‘F 

Ts(AGMA)  =  "initial  temperature,  "  °F  ("may  be  oil  inlet") 
AT(AGMA)  =  as  defined  by  Equation  (E-l) 

Note  that  in  the  AGMA  design  guide,  AT(AGMA)  is  calculated 
from  the  actual  scoring -limited  power,  and  as  such  it  includes  the 
effects  of  gear-tooth  misalignment  and  dynamic  load.  Since  these 
effects  vary  for  different  gear  sets  and  for  different  operating  con¬ 
ditions,  the  AT(AGMA)  thus  computed  as  well  as  the  resulting 
Tcr(AGMA)  are  not  basic  quantities.  This  is  one  of  the  reasons  for 
introducing  in  Chapter  VII  the  concept  of  the  ideal  scoring -limited 
power-transmitting  capacity,  to  which  corrections  are  applied  for 
misalignment  and  dynamic  load  in  order  to  arrive  at  the  actual  scoring- 
limited  power-transmitting  capacity. 

Another  source  of  error  in  the  AGMA  design  guide  is  the  as¬ 
sumption  that  TS(AGMA)  may  be  taken  as  the  oil  inlet  temperature, Tj. 
This  has  not  been  found  to  be  true  as  discussed  in  Chapters  VI  and 
VII. 


Finally,  the  AT(AGMA)  equation,  i.e.,  Equation  ( E-l ),  entails 
certain  assumptions  principally  related  to  the  coefficient  of  friction. 
This  matter  will  now  be  examined. 
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Comparison  of  AGMA  and  True  AT 

As  derived  by  Blok  (Chap.  II,  Sect.  B),  the  basic  equation  for 


AT  is 


AT 


=  i-n  |/vi  -  yvr I 
fiJT 


(E-4) 


For  spur  gears,  it  can  be  diown  that 
*  I 

B  s  ( 32  w  R/ff  E  )a 
Vi  =  2irppnp/60 
V2  =  2irpgng/60 

where  all  the  quantities  are  defined  in  the  List  of  Symbols. 

Substituting  the  above  expressions  into  Equation  (E-4),  and 
taking  E  -  33  x  10^  psi,  one  obtains 


AT  = 


_  *5.23  fw*|A/p^-p-  J^Tg\ 


P  R 


(E-5) 


Accordingly,  if  Equation  (E-l)  were  to  be  equal  to  Equation 
(E-5),  then  the  coefficient  of  friction  implicit  in  Equation  (E-l)  must 
conform  to 


0.0175 


50 


50-S 


15.23  -MGMA1 


Taking  j3  =  42. 1  5  lb/°F-in.-sec2,  then 


f(AGMA)  =  0.04843 


50 

50-S 

4 


(E-6) 
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which  is  equivalent  to  assuming  that  f(AGMA)  =  0.  060  at  S  -  10  jiin. 
rms . 


The  value  of  f(AGMA)  as  given  by  Equation  (E-6)  is,  in  general, 
much  higher  than  the  value  of  f  derived  from  the  sliding -rolling  disk 
tests  (Chap.  VI,  Sect.  C).  Their  ratio  is,  from  Equation  (E-6), 


f 

f(AGMA) 


20.  65  f  (1  -  0.  02  S) 


(E-7) 


and  consequently 


AT 

AT(AGMA) 


20.65  f  (1  -  0.02S) 


(E-8) 


where  f  is,  in  general,  a  variable  depending  upon  the  metal-oil  com 
bination  and  operating  conditions.  Since  f  is  usually  lower  than 
f(AGMA),  it  follows  from  Equation  (E-8)  that  the  true  AT  must  be 
smaller  than  AT(AGMA). 

Calculation  of  Ts 


As  mentioned  earlier,  the  AGMA  design  procedure  does  not 
provide  a  specific  guideline  for  assigning  the  value  of  Ts.  In  practical 
gear  scoring  analysis,  either  Ts  is  taken  as  Tj  as  implied  by  the 
AGMA  design  guide,  or  else  some  sort  of  estimate  must  be  made. 

In  calculating  Ts,  use  will  be  made  of  the  method  outlined  in 
Chapter  VII,  Section  B,  i.  e.  ,  by  the  relation 

Ts  ■  Tj  =  (E-9) 


where  <}>av  =  average  frictional  power  loss,  Btu/sec 

C'  =  a  fitting  constant  for  gear  systems 

The  selection  of  C'  and  the  calculation  of  4>av  were  discussed  in  Chapter 
VII,  Section  B. 
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Conversion  of  AGMA  Test  Data 


In  order  to  obtain  the  values  of  Ts,  AT,  and  Tc  for  the  AGMA 
tests,  one  alternative  is  to  assign  appropriate  values  of  f  and  C1  and  to 
calculate  the  values  of  <j>av  by  a  computer  program.  However,  inas¬ 
much  as  the  AGMA  computer  printouts  have  already  furnished  key 
numerical  results  on  the  basis  of  the  AGMA  procedure,  these  results 
can  readily  be  converted  without  using  a  computer.  This  latter  alter¬ 
native  is  explained  below  for  the  Series  A1  tests. 

Composite  Surface  Roughness.  From  Table  E-l,  the  surface 
roughnesses  of  the  pinion  and  gear  in  the  profile  direction  for  Series 
A1  are  8  and  9  jiin.  AA,  respectively.  Thus,  by  Equation  (B-4)  in 
Appendix  B,  the  initial  composite  surface  roughness  of  the  pinion  and 
gear  surfaces  is 

fii  =  3  (8  +  ?)/4  =  12.  8  fii n.  AA 

Coefficient  of  Friction,  It  was  shown  in  Chapter  VI,  Section  C, 
that  f  is  a  function  of  WVs-3,  but  that  f  is  nearly  constant  when  WV8*I 
is  greater  them  200.  For  the  sake  of  convenience,  this  constant  value 
of  f  is  used  in  the  present  data  conversion.  For  AISI  9  310  steel  gears 
and  MIL-L-7808  oil  (Oil  F),  this  is,  by  Equation  (57) 

f  =  0.0154  +  0.00007  fii  =  0.0163 


Average  Friction  Power  Loss.  The  average  frictional  power 
loss  is  given  by  Equation  (72)  as  follows: 


where  <|>av 

V 

Nn 


<t>av  =  (^  J  ♦  '(Ode 

average  frictional  power  loss,  Btu/sec 
fWVs/9336,  Btu/sec 
number  of  pinion  teeth 


(E-10) 


In  this  conversion  process,  f  is  taken  as  constant;  thus  <J>av 
becomes  a  function  of  J  d  (WVS)  only.  Accordingly,  the  values  of  W 
and  Vs  can  be  readily  deduced  from  the  AGMA  printouts  and  plotted  vs. 
the  roll  angle.  The  areas  under  the  curve  for  the  single  and  double 
tooth  contact  regions  are  then  measured  by  means  of  a  planimeter. 
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Applying  the  above  equation  and  with  proper  units,  then  for  Series  A1 


$av  =  0.001  324  P 


where  P  =  power  transmitted,  hp. 

Quasi-Steady  Surface  Temperature.  The  quantity  (Ts  -  Tj)  is 
then  computed  from  Equation  (E-9)  by  taking  C*  =  173.  This  is  equiv 
alent  to  assuming  that  the  oil  flow  rate  jetted  toward  the  gear  mesh  is 
1.0  gpm.  At  this  flow  rate,  C  =  115  from  Figure  25;  and  applying 
Equation  (74),  C1  =  1.5  x  115  =  173.  In  other  words, 

0.  80 

Ts  -  Tj  =  173  <}>av 

Since  Tj  =  200°F  for  Series  A1 ,  then 
T8  =  200  +  173  4>av8° 


Conjunction  Surface  Temperature  Rise.  The  quantity  AT  is 
given  by  Equation  (E-8),  where  S  is  expressed  in  /jin.  rms  by  the 
AGMA  procedure.  In  these  tests.  S'  in  pm.  AA  was  given.  By  taking 
S  =  0.9 S',  then  Equation  (E-8)  becomes 


AT 

AT  (AGMA) 


20.  65  f  (1  -  0.  018 S') 


For  Series  Al,  S'  =  (8  +  9)/2  =  8.  5  pin.  AA,  and  f  =  0.  0163  as 
given  earlier.  Thus 


AT  =  0.285  AT(AGMA) 
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Critical  Scoring  Point.  The  AT  special  interest  in  gear 
scoring  analysis  is  that  which  has  the  highest  value  in  the  mesh  cycle. 
The  AGMA  computer  printouts  tabulate  all  AT(AGMA)  values  vs.  the 
roll  angle,  and  the  highest  AT(AGMA)  values  are  attained  approxi¬ 
mately  midway  on  the  recess  portion  of  double  tooth  contact.  These 
values  are  therefore  extracted  from  the  AGMA  computer  printouts, 
and  the  revised  AT  is  calculated  by  the  preceding  equation. 

Revised  Data  for  AGMA  Tests 

Series  A1 .  Using  the  above  procedure,  the  revised  data  for 
Series  A1  at  critical  scoring  point  are  calculated,  and  are  tabulated  in 
Table  E-2.  Note  that  scoring  first  occurred  in  Test  87  at  362  hp.  At 
this  power  level,  Ts  =  296* F,  AT  =  38° F,  and  Tc  =  334°F.  By  the 
AGMA  rationale,  the  critical  temperature  would  have  to  be  334° F. 

Yet,  from  Equation  (50),  the  true  critical  temperature  in  this  case 
is 


Tcr  =  540  -  3.  80  6i  =  491  eF 

Thus  assuming  no  tooth  misalignment  and  dynamic  tooth  load,  the 
ideal  scoring-limited  power-transmitting  capacity  must  be  considerably 
greater  than  362  hp.  An  estimate  for  the  ideal  power-transmitting 
capacity  for  this  case  will  be  given  later.  It  is  only  necessary  to  em¬ 
phasize  here  that  the  difference  between  the  actual  and  ideal  power- 
transmitting  capacity  must  be  due  to  misalignment  and  dynamic  effects. 

Series  A2.  Series  A2  differs  from  Series  A1  only  in  that  the 
test  gears  have  rougher  surfaces.  Following  the  same  procedure  as 
illustrated  above,  the  revised  data  for  Series  A2  tests  are  presented 
in  Table  E-3.  Scoring  first  occurred  in  Test  118  at  209  hp,  at  which 
time  Ts  =  265 °F,  AT  =  28°F,  and  Tc  =  293°F.  Yet,  the  true  critical 
temperature  in  this  case  is 

Tcr  =  540  -  3. 80  6i  =  426°F 
which  is  considerably  higher  than  29 3° F. 

Series  A3.  Series  A3  differs  from  Series  A1  and  A2  in  that 
the  test  gears  have  even  rougher  surface;. .  Following  the  same  pro¬ 
cedure  as  illustrated  above,  the  revised  data  for  Series  A3  tests  are 
given  in  Table  E-4.  Scoring  first  occurred  in  Test  110  at  170  hp,  at 
which  time  Ts  =  257  *F,  AT  =  26°F,  and  Tc  =  283°  F,  The  true  criti¬ 
cal  temperature  in  this  case  is 
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TABLE  E-2.  REVISED  DATA  FOR  SERIES  A1  TESTS 


Test 

P. 

$av* 

Tj’ 

Ts, 

AT(AGMA), 

at. 

Tc, 

no. 

JlE_ 

Btu/sec 

°F 

°  F 

°F 

°F 

°F 

Remarks 

82 

329 

0.4356 

200 

289 

125 

36 

325 

96 

348 

0. 4608 

200 

293 

131 

37 

330 

92 

355 

0.4700 

200 

294 

133 

38 

332 

101 

361 

0.4780 

200 

295 

135 

38 

333 

87 

362 

0.4793 

200 

296 

135 

38 

334 

Scored 

80 

377 

0.4991 

200 

299 

139 

40 

339 

Scored 

102 

384 

0.  5084 

200 

300 

141 

40 

340 

97 

391 

0.5177 

200 

302 

143 

41 

343 

106 

393 

0.  5203 

200 

302 

143 

41 

343 

Scored 

107 

436 

0.  5773 

200 

311 

155 

44 

355 

Scored 

103 

438 

0.  5799 

200 

312 

155 

44 

356 

Scored 

104 

465 

0.6157 

200 

317 

163 

46 

363 

Scored 

105 

474 

0.  6276 

200 

319 

165 

47 

366 

Scored 

Conversion  equations 

fii  =  3  (8  +  9)/4  =  12.8  juin.  AA 

£  =  0.0154  +  0.00007  6i  =  0.0163 

<)>av  =  0.001 324  P 

0.  80 

Ts  =  Tj  +  173  <|>av 

AT  =  20.  65  f  (1  -  0.  018S')  AT(AGMA) 
=  0.285  AT(AGMA) 

Tcr  =  540  -  3.80  6i  =  491  °F 
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TABLE  E-3.  REVISED  DATA  FOR  SERIES  A2  TESTS 


Test 

P, 

<l>av» 

Tj« 

Ts, 

AT(AGMA), 

AT, 

To 

no. 

hp_ 

Btu/sec 

°  F 

°F 

6F 

°F 

°F 

Remarks 

115 

193 

0.2794 

200 

261 

117 

27 

288 

113 

201 

0.2858 

200 

263 

120 

27 

290 

118 

209 

0.2972 

200 

265 

123 

28 

293 

Scored 

119 

223 

0.  3171 

200 

269 

130 

30 

299 

Scored 

116 

232 

0.  3299 

200 

271 

134 

31 

301 

120 

239 

0.  3399 

200 

273 

136 

31 

304 

Scored 

114 

270 

0.  3839 

200 

280 

150 

35 

315 

Scored 

117 

271 

0. 3854 

200 

280 

150 

35 

315 

Scored 

Conversion  equations 

6i  =  3  (20  +  20)/4  =  30.0  *iin.  AA 

f  =  0.0154  +  0.  00007  6i  =  0.0175 

<t>av  =  0.  001422  P 

0.80 

Ts  =  Tj  +  1 73  <j>av 

AT  =  20.  65  f  (1  -  0.  018S')  AT(AGMA) 

=  0.231  AT(AGMA) 

Tcr  =  540  -  3.80  =  426° F 
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TABLE  E-4.  REVISED  DATA  FOR  SERIES  A3  TESTS 


Test 

P, 

$av# 

Tj* 

Ts, 

AT(AGMA), 

AT, 

Tc, 

no. 

h£_ 

Btu/sec 

°  F 

8  F 

°  F 

°  F 

8  F 

Remarks 

110 

170 

0.2501 

200 

257 

132 

26 

283 

Scored 

111 

199 

0.2927 

200 

265 

149 

30 

295 

Scored 

108 

207 

0.  3045 

200 

267 

153 

30 

297 

Scored 

109 

207 

0.  3045 

200 

267 

153 

30 

297 

Scored 

112 

217 

0.  3192 

200 

269 

159 

32 

301 

Scored 

Conversion  equations 

6i  =  3  (25  +  27)/4  =  39.0  pin.  AA 

f  =  0.0154  +  0.  00007  6i  =  0.0181 

<t>av  =  0.001471  P 

0.  80 

Ts  =  Tj  +  173  <}>av 

AT  =  20.65  f  (1  -  0.018  S')  AT(AGMA) 

=  0.199  AT(AGMA) 

Tcr  =  540  -  3.80  6i  =  392eF 


9 
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Tcr  =  540  -  3.  80  6i  =  392®F 
which  is  again  considerably  higher  than  283® F. 

Series  B.  Series  B  tests  were  conducted  at  3  different  power 
levels,  with  the  oil  flow  rate  reduced  to  approach  scoring.  Neither 
the  oil  jet  temperature  nor  the  oil  flow  rate  was  reported.  However, 
Ts  was  measured  and  reported.  Since  Ts  is  known  in  this  case,  all 
that  is  needed  is  to  revise  the  AT,  in  order  to  obtain  Tc.  The  revised 
results  are  presented  in  Table  E-5. 

Note  that  scoring  occurred  in  Test  272  at  516  hp,  at  which  time 
Ts  =  402°F,  AT  =  20®F,  and  Tc  =  422°F;  and  also  in  Test  273  at  688 
hp,  Ts  =  409°F,  AT  =  24®F,  and  Tc  =  433®F.  The  true  critical  tem¬ 
perature  in  this  case  is 

Tcr  =  540  -  3.  80  6i  =  483°F 
which  is  considerably  higher  than  either  422®F  or  433®F. 

The  quantity  4>av  is  not  required  in  the  data  conversion,  but  it 
will  be  required  in  the  estimate  of  the  ideal  scoring -limited  power- 
transmitting  capacity.  This  quantity  is  thus  also  frmished  in  Table 
E-5. 


Series  C.  Series  C  was  conducted  with  A  IS  I  9310  steel  gears 
and  MIL-L-23699  oil  (Oil  E),  in  a  similar  manner  as  Series  Al,  A2, 
and  A3.  Hence  a  similar  data  conversion  process  may  be  used. 

It  was  noted  in  Chapter  VI,  Section  B,  that  the  coefficient  of 
friction  for  AISI  9310  steel  disks  was  nearly  the  same  with  Oil  E  and 
Oil  F,  thus  the  same  f  equation  is  used  in  this  case  as  before.  The 
other  data  manipulations  require  no  further  comments.  The  revised 
results  are  presented  in  Table  E-6. 

Note  that  scoring  first  occurred  in  Test  10  at  254  hp,  Ts 
261  °F,  AT  =  38®F,  and  Tc  =  299°F.  This  is  considerably  lower  than 
the  true  critical  temperature  for  this  metal-oil  combination, which, 
from  Equation  (52),  is 

Tcr  =  515  -  3.  80  6i  =  447#F 
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TABLE  E-5. 


REVISED  DATA  FOR  SERIES  B  TESTS 


Test 

P, 

$av» 

Tj« 

Ts, 

AT(AGMA), 

AT, 

Tc. 

no. 

h£_ 

Btu/sec 

*F 

*  F 

°  F 

°F 

0  F 

Remarks 

265 

344 

0.4259 

171 

52 

15 

186 

268 

344 

0.  4259 

— 

280 

52 

15 

295 

271 

344 

0.  4259 

— 

398 

52 

15 

413 

266 

516 

0.6388 

— 

171 

70 

20 

191 

269 

516 

0.  6388 

— 

305 

70 

20 

325 

272 

516 

0.6388 

— 

402 

70 

20 

422 

Scored 

267 

688 

0.  8517 

— 

187 

87 

24 

211 

264 

688 

0.8517 

— 

195 

87 

24 

219 

270 

688 

0.8517 

— 

303 

87 

24 

327 

273 

688 

0.8517 

— 

409 

87 

24 

433 

Scored 

Conversion  equations 

6i  =  3(10  +  1 0)/4  =  15.0  n in.  AA 

£  =  0.0154  +  0.00007  fii  =  0.0165 

4>av  =  0.  001238  P 

Ts  =  measured 

AT  =  20.  65  f  (1  -  0.  018S’)  AT(AGMA) 
=  0. 279  AT(AGMA) 

Tcr  =  540  -  3.80  =  483°  F 


♦ 


204 


TABLE  E-6.  REVISED  DATA  FOR  SERIES  C  TESTS 


Test 

P, 

$av» 

Tr 

T.. 

AT(AGMA), 

AT, 

Tc. 

no. 

h£_ 

Btu/sec 

•F 

•F 

°F 

°F 

°  F 

Remarks 

1 

63 

0.0673 

200 

220 

50 

14 

2  34 

4 

190 

0.2031 

200 

248 

114 

31 

279 

7 

222 

0.2373 

200 

255 

128 

35 

290 

10 

254 

0.2715 

200 

261 

141 

38 

299 

Scored 

13 

286 

0.  3057 

200 

267 

154 

42 

309 

Scored 

16 

317 

0.  3389 

200 

273 

167 

45 

318 

Scored 

18 

349 

0.  3731 

200 

278 

179 

48 

326 

Scored 

20 

381 

0.  4073 

200 

284 

191 

52 

336 

Scored 

Conversion  equations 
6i 
f 


^av 

Ts 

AT 


3  (12  +  1 2)/4  =  18.  0  ^in.  AA 
0.0154  +  0.00007  6i  =  0.0167 


=  0. 001069 P 

0.  80 

=  Tj  +  173  <)>av 

=  20.  65  f  (1  -  0.  018S')  AT(AGMA) 

=  0.270  AT(AGMA) 

:cr  =  515  -  3.80  6i  =  447° F 
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Estimation  of  Ideal  Scoring- Limited  Power  Capacity 

As  defined  in  Chanter  VII,  Section  A,  the  ideal  scoring -limited 
power-transmitting  capacity,  Pi,  of  a  set  of  gears  is  that  for  the  ideal 
case  in  the  absence  of  tooth  misalignment  and  dynamic  load.  This 
quantity  may  be  predicted  for  the  cases  examined  by  the  computer,  as 
explained  in  Chapter  VII,  Section  B.  However,  it  can  also  be  done  by 
relatively  simple  calculations  as  illustrated  below. 


Series  A1 .  At  constant  speed  and  constant  Tj,  Table  E-2 

gives 


0.  80 

Ts  =  200  +  173  «pav 


Table  E-2  also  gives  TCr  =  491  °F.  Thus  the  general  expression  for 
AT  is 


0.  80 

AT  =  491  -  Ts  =  291  -  173<{>av  (E-ll) 


Now,  at  constant  speed  and  constant  f,  Eauation  (E-5)  states 
that  AT  must  also  be  proportional  to  w®*  ^  or  Take  Test  87  in 

Table  E-2,  AT  =  38° F  at  P  =  362  hp.  Thus 


AT  = 


(E-12) 


By  the  critical  temperature  hypothesis,  scoring  would  occur 
when  AT  from  Equation  (E-ll)  equals  AT  from  Equation  (E-12).  To 
obtain  this  AT,  the  two  AT  curves  from  the  two  above  equations  may 
be  easily  calculated,  and  plotted  vs.  P.  The  intersection  of  these 
two  curves  then  gives  Pi  on  the  abscissa  and  the  corresponding  AT 
on  the  ordinate.  From  Equation  (E-ll),  the  corresponding  Ts  is 
simply  Tg  =  491  -  AT. 

Using  the  above  procedure,  it  can  be  shown  that,  for  Series  A1 
conditions, 

P i  =  973  hp 

AT  =  80 0  F 
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Ts  =  411  *F 

These  results  are  tabulated  in  Table  E-7,  along  with  other  pertinent 
data. 


Series  A2,  A3,  and  C.  An  identical  procedure  may  be  used 
for  these  test  series.  The  results  obtained  are  presented  in  Table 
E-7  for  comparison. 

Series  B.  Series  B  requires  a  different  treatment,  since  Tj 
in  this  case  is  not  known.  It  is  proposed  to  estimate  the  ideal  per¬ 
formance  for  this  case  at  two  assumed  values  of  Tj,  and  examine  the 
results. 

Consider  Test  272  in  Table  E-5,  which  scored  at  516  hp,  at 
measured  Ts  =  402° F.  The  value  of  Tj  is  not  known.  Moreover, 
scoring  was  obtained  by  reducing  the  oil  flow  rate,  which  is  also  not 
known.  In  the  absence  of  such  information,  let  it  first  be  assumed 
that  Tj  =  200* F.  This  then  permits  an  estimate  for  the  value  of  C'  in 
Equation  (E-10),  thus: 

,  /  0.  80 

C'  =  (Ts  -  Tj)/4>av 

=  (402  -  2001/(0.  6388)0,  80  =  289.1 


Then  under  the  assumed  conditions 

0.  80 

Ts  -  200  =  289. 1  «j>av 
Since  Tcr  =  483° F,  therefore 


AT  =  483  -  T s 


283  -  289.1  4> 


0.  80 
av 


(E-l  3) 


The  other  AT  expression  is 


AT  =  20 


(E-14) 
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TABLE  E-7.  COMPARISON  OF  ACTUAL  AND  IDEAL 

PERFORMANCE 


Series  B  Series  B  Series  Series  Series 


(Test  272)  (Test  273)  A1  A2  A3 

Case  I  Case  II  Case  III  Case  IV  (Test  87)(Test  1 18)(TeBt  11 


6i,  jiin. 

15.  0 

15.  0 

15.0 

15.  0 

12.  8 

30.  0 

39.0 

tn 

o 

H 

200 

250 

200 

250 

200 

200 

200 

Vt,  fpm 

4760 

4760 

4760 

4760 

5749 

5749 

5749 

f 

0.0165  0.0165  0.0165  0.0165 

0.  0163 

0. 0175 

0.0181 

Actual  Performance 

Ts.  °  F 

402 

402 

409 

409 

296 

265 

257 

AT,  °  F 

20 

20 

24 

24 

38 

28 

26 

Tc,  °F 

422 

422 

433 

433 

334 

29  3 

283 

PA,  hp 

516 

516 

688 

688 

362 

209 

170 

Ideal  Performance 

. 

Ts,  °F 

458 

456 

454 

453 

411 

361 

334 

AT,  °  F 

25 

27 

29 

30 

80 

65 

58 

Ter.  °F 

483 

483 

483 

483 

491 

426 

392 

Pi,  hp 

700 

756 

879 

933 

973 

644 

496 

Comparison 

pa/ Pi 

0.  74 

0.  68 

0.  78 

0.  74 

0.  37 

0.  32 

0.  34 

Series 

C 

Test  1  0) 
18.0 
200 
31968 
0.  0167 

261 

38 

299 

254 

355 

92 

447 

821 

0.  31 
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Solving  Equations  (E-13)  and  (E-14)  simultaneously  as  before, 
one  obtains 


pI  = 

700  hp 

AT  = 

25*F 

H 

CD 

II 

458®  F 

These  values  are  tabulated  in  Table  E-7  as  Case  I. 

For  Case  II,  it  is  assumed  that  Tj  =  250*  F.  In  that  case 

C'  =  (402  -  250)/(0. 6388)°*80  =  217.5 

Thus,  similar  to  the  above, 

AT  =  483  -  Ts  =  233  -  217.  5  <t>2v8°  (E-15) 


and  Equation  (E-14)  remains  applicable  in  this  case. 

Solving  Equations  (E-14)  and  (E-15)  simultaneously  as  before, 

then 

Pj  =  756  hp 

AT  •-  27° F 
Ts  =  456®  F 

as  tabulated  in  Table  E-7  as  Case  II. 

Note  from  Table  E-5  that  scoring  was  also  obtained  in  Test  273 
at  688  hp,  at  measured  Ts  =  409 °F.  By  similar  calculations,  the  ideal 
performance  based  on  Test  273  at  Tj  =  200®F  and  250°F  can  also  be 
estimated.  These  results  are  presented  in  Table  E-7  as  Case  III  and 
Case  IV,  respectively. 


Comparison  of  Actual  and  Ideal  Performance 

Table  E-7  compares  the  actual  performance  with  the  ideal 


performance  for  the  5  test  series  examined.  A  quantity  of  key  interest 
is  the  ratio  of  the  actual  to  ideal  scoring -limited  power-transmitting 
capacity,  P^/Pi.  which  is  given  on  the  last  line  of  the  table. 

Note  for  Series  B  that  the  value  of  Pa/Pj  *or  Cases  I,  II,  III, 
and  IV,  based  upon  two  different  tests  each  with  two  assumed  Tj 
values,  do  not  vary  greatly.  The  average  of  this  ratio  for  Series  B  is 
0.  74;  the  standard  deviation  is  0.  04,  or  only  5.  5  percent. 

As  defined  in  Chapter  VII,  Section  A,  the  fact  that  Pa/Pi  is 
less  than  unity  is  due  to  the  effects  of  tooth  misalignment  and  dynamic 
load.  The  deduced  data  so  far  do  not  directly  provide  an  indication  of 
the  relative  contributions  of  the  misalignment  and  dynamic  effects. 
However,  the  influence  of  dynamic  effect  is  unmistakenly  reflected  by 
the  steady  decrease  of  Pa/PI  in  Table  E-7  as  the  pitchline  velocity, 

Vt,  is  increased.  An  attempt  to  separate  the  misalignment  and 
dynamic  effects  is  presented  in  Chapter  VII,  Section  C  . 


* 
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APPENDIX  F 

SUMMARY  OF  SPUR  GEAR  TEST  DATA 


The  spur  gear  test  program  consisted  of  replicate  tests onfive 
sets  of  ground  spur  gears  and  five  sets  of  honed  spur  gears  of  same 
design  and  material,  tested  for  scoring  at  the  same  speed  and  oil  jet 
temperature.  These  tests  were  performed  at  BHC  under  subcontract 
to  SwRI.  BHC  Report  299-097-005,  "Results  of  Gear  Tooth  Scoring 
Investigation  Conducted  on  31  x  76  Spur  Gears"  by  R.  Battles,  R.  T. 

Jenkins,  and  C.  E.  Braddock,  dated  October  24,  1974,  was  submitted 
to  SwRI  on  December  2,  1974.  Copies  of  the  full  report  are  on  file  at 
USAAMRDL,  BHC,  and  SwRI.  The  following  is  an  abstract  of  the 
report,  plus  analysis  and  interpretations  made  by  SwRI  personnel. 

Test  Gears 

i 

A  description  of  the  spur  gears  is  given  in  Table  7  in  Chapter 
VIII,  Section  B.  Briefly,  the  pinion  had  31  teeth,  a  pitch  diameter  of 
3.4671  in. ,  and  a  face  width  of  1.  375  in. ;  and  the  gear  had  76  teeth,  a 
pitch  diameter  of  8.9412  in.,  and  a  face  width  of  1.250  in.  The  diame¬ 
tral  pitch  was  8.5  in.-l,  and  the  pressure  angle  was  22.0*.  The 
gears  were  made  of  AISI  9310  CEVM  steel,  carburized  to  a  case  thick¬ 
ness  of  0.  030-0.  040  in. ,  a  case  hardness  of  60-63  Rc,  and  a  core 
hardness  of  33-41  Rc  —  essentially  the  same  as  the  test  disks  employed 
in  the  disk  test  program  (App.  D). 

The  surface  finishes  of  the  gears  were  originally  specified  as 
about  17  jiin.  AA  for  the  ground  gears  and  about  7  pi n.  AA  for  the 
honed  gears.  However,  the  gears  as  received  from  the  vendor  were 
found  to  be  considerably  smoother.  In  order  to  expedite  the  test 
program,  five  sets  of  ground  spur  gears  as  received  were  selected  for 
the  spur  gear  test  program,  and  the  remaining  five  sets  were  rehoned 
at  BHC  • 

The  surface  finishes  of  all  pinions  and  gears  were  measured  by 
BHC  in  both  profile  and  lead  directions  before  break-in,  after  break- 
in,  and  after  test  termination.  These  measurements  were  made  on 
two  teeth  by  three  instruments  at  different  limes;  but  not  by  the  same 
instrument  at  all  times.  In  order  to  facilitate  comparisons  on  the 
same  basis,  the  reported  measurements  by  BHC  were  converted  to 
one  instrument  base  by  a  constant  multiplier.  The  revised  initial 
surface  roughness  values  for  the  gears  are  presented  in  Table  F-l. 

The  revised  surface  roughness  values  after  break-in  are  presented  in 
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TABLE  F-l.  INITIAL  SURFACE  ROUGHNESS  OF  SPUR  GEARS 


Test  Pinion,  gin,  AA  _ Gear,  gin.  AA  6i,  jiin.  AA 

no.  Profile  Lead  Composite  Profile  Lead  Composite  (Pinion  &  gear) 

Ground  gears 


Cl 

10. 1 

4.5 

7.  3 

7.6 

4.2 

5.9 

13.2 

C2 

9.7 

3.5 

6. 6 

9.0 

3.  2 

6.1 

12.7 

G3 

8.8 

4.9 

6.9 

8.8 

2.8 

5.  3 

12.7 

G4 

9.8 

4.2 

7.0 

9.1 

5.6 

7.4 

14.4 

G5 

9.8 

3.9 

6.9 

9.8 

7.  7 

8.7 

15.6 

Avg. 

9.6 

4.2 

6.9 

8.9 

4.  7 

6.8 

13.  7 

Honed  gears 


HI 

6.8 

7.0 

6.9 

9.0 

10.  0 

9.5 

16.4 

H2 

7.0 

6.5 

6.8 

8.5 

9.  0 

8.8 

15.6 

H3 

7.0 

7.5 

7.  3 

8.5 

8.  0 

8.  3 

15.6 

H4 

7.0 

7.3 

7.2 

9.5 

10.  5 

10.  0 

17.2 

H5 

7.0 

6.3 

6.7 

7.5 

7.  5 

7.  5 

14.2 

Avg. 

7.0 

6.9 

7.0 

8.6 

9.0 

8.8 

15.8 

9 
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Table  F-2.  Surface  roughness  values  after  test  termination,  being 
generally  very  high  and  erratic  and  not  pertinent  to  this  study,  are  not 
presented  herein. 

In  Tables  F-l  and  F-2,  the  test  numbers  with  prefix  "G"  refer 
to  the  ground  gear  sets,  while  those  with  prefix  "H"  refer  to  the  honed 
gear  sets.  Each  tabulated  surface  roughness  value  in  the  profile  or 
lead  direction  is  the  revised  value  of  the  average  of  the  two  readings 
taken  on  the  two  teeth.  The  composite  surface  roughness  of  either  the 
pinion  or  gear  is  calculated  by  using  Equation  (B-l)  in  Appendix  B. 

The  composite  surface  roughness  of  the  gear  set  is  then  calculated  by 
using  Equation  (B-2). 

Referring  now  to  the  data  for  the  ground  gears  shown  in  Table 
F-l,  it  will  be  noted  thatthe  initial  composite  surface  roughness  of  the 
gear  set,  6i,  varied  from  12.7  {jin.  AA  to  15.6  {jin.  AA,  with  an 
average  of  13.7  {jin.  AA.  Note  further  that  the  ratio  of  surface  rough¬ 
ness  in  the  profile  direction  to  that  in  the  lead  direction  is  fairly  close 
to  2,  which  is  characteristic  of  most  ground  surfaces  (App.  B).  The 
initial  composite  surface  roughness,  6i,  of  the  honed  gear  sets  varied 
from  14.  2  {jin.  AA  to  17.2  {jin.  AA,  with  an  average  of  1  5.  8  {jin.  AA. 

Table  F-2  shows  similar  surface  roughness  data  after  break-in. 
Note  that  the  break-in  process  reduced  the  average  composite  surface 
roughness  of  the  ground  gear  sets  by  about  21  percent  and  that  of  the 
honed  gear  sets  by  about  27  percent  —  generally  in  line  with  the  trends 
previously  reported  for  sliding -rolling  disks.  ^ 

Test  Oil 

The  test  oil  used  was  Oil  F,  the  same  MIL-L-7808G  oil  used 
in  the  disk  test  program  (App.  D). 

Test  Equipment 

A  4-square  regenerative  test  rig  shown  in  Figure  F-l  was  used 
in  testing.  Note  that  the  test  gears  were  mounted  on  vertical  shafts, 
with  the  gear  as  the  driver.  In  addition  to  the  conventional  measure¬ 
ments  of  gear  speed,  fear  torque,  and  oil  jet  temperature,  tempera¬ 
ture  measurements  were  also  made  on  the  test  pinion  by  means  of  four 
weldec  thermocouples  at  locations  shown  in  Figure  F-2. 

Dimensional  inspection  of  the  test  section  housing,  support 
bearings,  and  bearing  retainers  revealed  a  basic  rig  misalignment  of 


i 

i 


213 


■CTIWWWWit’P'1 


TABLE  F-2.  SURFACE  ROUGHNESS  OF  SPUR  GEARS 

AFTER  BREAK-IN 


Test  Pinion,  gin.  A  A  _ Gear,  gin.  AA  6i,  fiin.  AA 

no.  Profile  Lead  Composite  Profile  Lead  Composite  (Pinion  &  gear) 


Ground  gears 


G1 

7.  0 

5.0 

6.0 

5.6 

5.0 

5.  3 

11.  3 

G2 

6.  0 

3.2 

4.  6 

5.6 

2.8 

4.2 

8.  8 

G3 

6.  7 

4.2 

5.  5 

8.  3 

5.6 

7.  0 

12.  5 

G4 

7.4 

4.2 

5.8 

8.7 

3.5 

6.  1 

11.9 

G5 

5.6 

2,  5 

4. 1 

6.  3 

4.  6 

5.  5 

9.6 

Avg. 

6.5 

3.8 

5.2 

6.9 

4.  3 

5.6 

10.  8 

Honed  gears 


HI 

5.  0 

5.5 

5.3 

4.5 

6.8 

5.  7 

11.  0 

H2 

5.  3 

5.5 

5.4 

5.5 

6.  5 

6.  0 

11.4 

H3 

4.  8 

6.5 

5.7 

7.0 

8.0 

7.  5 

13.2 

H4 

2.  5 

5.0 

3.8 

6.5 

7.0 

6.  8 

10.6 

H5 

4.8 

5.  5 

5,2 

6.  0 

6.8 

6.  4 

11.6 

Avg. 

4.  5 

5.6 

5. 1 

5.9 

7.0 

6.  5 

11.6 
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Figure  F-l . 


Schematic  of  spur  gear  test  rig 
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Figure  F-2.  Thermocouple  locations  on  spur  gear  pinion 
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0.  0007  rad.  between  the  pinion  and  gear,  with  the  lower  end  of  the 
tooth  (the  S/N  end,  Fig.  F -2)  being  the  more  heavily  loaded  than  the 
upper  end. 

It  was  also  found  that  the  pinions  and  gears  themselves  had 
some  lead  errors.  An  attempt  was  made  to  match  the  pinion  and  gear 
in  each  set  to  compensate  for  the  lead  errors  as  much  as  possible. 

The  net  lead  errors  on  the  five  sets  of  ground  gears  averaged  0.  00006 
rad.  The  net  lead  errors  on  the  five  sets  of  honed  gears  averaged 
0.  00014  rad.  The  variations  from  these  average  values  from  one 
matched  set  to  another  was  less  than  0.  00008  rad.  standard  deviation. 

The  total  misalignment  of  the  gear  teeth  is  the  sum  of  the  mis¬ 
alignments  in  the  test  rig  and  the  gear  sets.  The  total  misalignment 
thus  averaged  0.  00076  rad.  for  the  ground  gear  sets,  and  0.  00084  rad. 
for  the  honed  gear  sets. 

Test  Procedure 


The  gear  sets  were  broken  in  by  the  following  schedule:  First, 
at  an  oil  jet  temperature  of  120®F  and  a  pinion  speed  of  4,  385  rpm 
(55%  of  test  speed),  each  gear  set  was  operated  for  30  min.  at  each  of 
four  load  levels,  viz.,  500,  1000,  1500,  and  2000  ppi.  The  oil  jet 
temperature  was  then  raised  to  190°F,  and  each  gear  set  was  operated 
for  30  min.  at  each  of  two  load  levels,  viz.  ,  1000  and  2000  ppi. 

The  scoring  test  was  conducted  at  an  oil  jet  temperature  of 
250°F  and  a  pinion  speed  of  7,992  rpm.  The  tooth  load  was  increase, 
from  an  initial  value  of  1000  ppi,  in  150-ppi  steps  of  10  min.  each, 
until  either  scoring  was  obtained  or  the  test  rig  capacity  (2950  ppi) 
was  reached.  After  each  load  step,  the  rig  was  stopped  and  a  visual 
inspection  made  to  detect  scoring.  Following  the  inspection,  the  previ¬ 
ous  load  step  was  repeated  before  proceeding  to  the  next  load  step. 

The  test  gears  were  lubricated  by  cascading  oil  and  by  an  oil 
jet  directed  into  the  gear  mesh.  During  the  scoring  test  sequence,  the 
oil  jet  temperature  was  250°F  and  the  flow  rate  was  0.28  gpm.  Neither 
the  temperature  nor  the  flow  rate  of  the  cascading  oil  was  measured. 
However,  the  cascading  oil  temperature  was  estimated  by  BHC  to  be 
close  to  250°F,  since  the  oil  was  drawn  from  the  same  heated  reser¬ 
voir  as  that  supplied  to  the  oil  jet.  The  cascading  oil  flow  rate  was 
estimated  by  BHC  to  be  about  2-3  times  the  oil  jet  flow  rate,  or  about 
2.  5  x  0.  28  =  0.  7  gpm. 
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Scoring -Limited  Power -Transmitting  Capacity 


The  test  results  on  the  10  spur  gear  sets  are  summarized  in 
Table  F-3. 

With  the  ground  gears,  two  of  the  tests  did  not  result  in  scoring 
at  the  maximum  rig  capacity  of  791  hp.  The  average  scoring  power 
was  therefore  in  excess  of  679  hp  by  an  unknown  margin.  A  statisti¬ 
cally  more  meaningful  scoring  power,  deduced  from  Weibull  analysis 
at  1  0-percent  scoring  probability,  is  507  hp,  and  its  90-percent  con¬ 
fidence  limits  are  334  and  770  hp. 

With  the  honed  gears,  all  5  tests  produced  scoring.  The  aver¬ 
age  scoring  power  was  606  hp.  A  statistically  more  meaningful  scoring 
power,  deduced  from  Weibull  analysis  at  10-percent  scoring  probability, 
is  425  hp,  and  its  90-percent  confidence  limits  are  270  and  688  hp. 

It  is  interesting  to  note  that  the  ground  gears  were  smoother  than 
the  honed  gears,  hence  the  ground  gears  would  be  expected  to  score  at 
a  higher  power  level  than  the  honed  gears.  This  trend  is  indeed  re¬ 
flected  by  both  the  average  and  statistically-deduced  scoring  power. 
However,  the  statistically-deduced  values  are  more  meaningful.  The 
poor  confidence  limits  were  due  to  the  inherent  scatter  of  the  scoring 
phenomenon  and  the  very  few  tests  performed. 

Pinion  Surface  Temperature 

The  pinion  surface  temperature  was  measured  by  means  of 
welded  thermocouples  at  four  locations  as  shown  in  Figure  F-2.  The 
readings  at  scoring  or  at  test  termination  (i.  e.  ,  at  791  hp)  are  pre¬ 
sented  in  Table  F-3.  Note  that  the  temperature  at  the  upper  end  of  the 
pinion  was  much  lower  than  that  at  the  lower  end.  Much  of  this  dif¬ 
ference  was  of  course  due  to  the  effect  of  tooth  misalignment  discussed 
earlier,  which  placed  less  load  on  the  upper  end  of  the  gear  teeth  than 
on  the  lower  end.  The  other  reason  might  be  that  the  cascading  oil, 
which  must  go  through  the  cooler  upper  support  bearing,  was  actually 
at  a  lower  temperature  than  250°  F  as  it  hit  the  upper  gear  surfaces, 
and  became  heated  as  it  progressed  downward.  On  the  other  hand, 
temperature  measurements  of  this  kind  are  difficult  to  make  at  best; 
and  it  is  suspected  that  all  reported  pinion  surface  temperature  read¬ 
ings  are  probably  on  the  low  side.  There  is  presently  no  realistic  way 
to  evaluate  the  overall  flow  and  heat  transfer  effects  being  encountered. 
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TABLE  F-3.  SUMMARY  OF  SPUR  GEAR  TEST  RESULTS 


Test 

no. 

Scoring 

load. 

Dpi 

Scoring 
torque, 
in.  -lb 

Scoring 

power, 

hp 

Pinion 

surface  temperatu 

re,  °F 

Upper 

end 

Lower  end 

Tooth  tip  Tooth  root  Toothtip  Tooth  root 

Ground  gears 

G1 

2050 

10622 

550 

219 

234 

285 

278 

G2 

>2950 

>15285 

>791 

>227 

>245 

>269 

>264 

G3 

2650 

13731 

711 

235 

246 

280 

275 

G4 

2050 

10622 

550 

231 

244 

256 

255 

G5 

>2950 

>15285 

>791 

>237 

>251 

>270 

>271 

Honed  gears 

HI 

2800 

14508 

751 

245 

240 

300 

285 

H2 

2500 

12954 

671 

236 

245 

312 

299 

H3 

1900 

9845 

510 

237 

239 

278 

- 

H4 

2350 

12176 

630 

246 

251 

283 

282 

H5 

1750 

9067 

469 

228 

235 

263 

267 
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APPENDIX  G 

SUMMARY  OF  SPIRAL  BEVEL  GEAR  TEST  DATA 


The  spiral  bevel  gear  test  program  consisted  of  five  replicate 
tests  on  a  specific  design  of  spiral  bevel  gears.  BHC  Report  299-097- 
004,  "Results  of  Gear  Tooth  Scoring  Investigation  Conducted  on  22  x  23 
Spiral  Bevel  Gears"  by  R.  Battles,  R.  T.  Jenkins,  and  C.  E.  Braddock, 
dated  June  27,  1974,  was  submitted  to  SwRI  on  October  31,  1974. 

Copies  of  the  full  report  are  on  file  at  USAAMRDL,  BHC,  and  SwRI. 

The  following  is  an  abstract  of  the  report,  plus  analysis  and  interpre¬ 
tations  made  by  SwRI  personnel. 

Test  Gears 

A  description  of  the  spiral  bevel  gears  tested  in  this  program  is 
given  in  Table  11  in  Chapter  VHI,  Section  D.  Briefly,  the  pinion  had 
22  teeth,  a  pitch  diameter  of  3.  6000  in.  ,  and  a  face  width  of  0.  866  in. ; 
and  the  gear  had  2  3  teeth,  a  pitch  diameter  of  3.  7637  in. ,  and  a  face 
width  of  0.866  in.  The  diametral  pitch  was  6.111  in.*l  ,  the  pressure 
angle  was  22.5°,  and  the  spiral  angle  was  35.0°.  The  gears  were 
made  of  AISI  9  310  CEVM  steel,  carburized  to  a  case  thickness  of 
0.  030-0.  040  in.  ,  a  case  hardness  of  60-63  Rc,  and  a  core  hardness  of 
33-41  Rc — essentially  the  same  as  the  test  disks  employed  in  the  disk 
test  program  (App.  D). 

The  surface  finish  of  the  gears  was  specified  as  22  pin.  AA 
maximum.  Attempts  were  made  at  BHC  to  measure  the  surface  rough¬ 
nesses  of  the  pinions  and  gears;  but  without  success.  Therefore,  no 
surface  roughness  readings  were  reported. 

Test  Oil 

The  test  oil  used  was  Oil  F,  the  same  MIL-L-7808G  oil  used  in 
the  disk  test  program  (App.  D). 

Test  Equipment 

A  standard  transmission  test  stand  available  at  BHC  was  modi¬ 
fied  for  use  in  testing.  As  shown  in  Figure  G-l,  an  electric  motor 
was  connected  to  a  variable -speed  magnetic  coupling  driving  a  speed¬ 
up  gearbox,  which  drove  the  test  gears  via  a  slave  transmission.  To 
simplify  the  operation  of  the  test  stand,  the  main  rotor  mast  was 
removed,  and  a  water  brake  was  used  for  power  absorption. 
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-  SLIT-  RING  ASSEMBLY 


Figure  G-l.  Schematic  of  spiral  bevel  gear  test  rig 
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The  test  gears  were  installed  in  an  overhung  mounting  with 
each  gear  supported  by  a  duplex  ball  bearing  and  a  roller  bearing. 

The  pinion  was  the  driver. 

In  addition  to  the  conventional  measurements  of  gear  speed, 
gear  torque,  and  oil  jet  temperature,  temperature  measurements 
were  also  made  on  the  test  pinion  by  means  of  five  imbedded  or  welded 
thermocouples  at  locations  shown  in  Figure  G-2. 

No  information  on  possible  test  gear  misalignment  was 
available. 

Test  Procedure 


The  gear  sets  were  broken  in  by  the  following  schedule:  First, 
at  an  oil  jet  temperature  of  120°  F  and  a  pinion  speed  of  2,700  rpm 
(60%  of  test  speed),  each  gear  set  was  operated  for  30  min.  at  each 
of  three  load  levels,  viz.,  517,  1035,  and  1551  ppi.  The  oil  jet  tem¬ 
perature  was  then  raised  to  190°F,  and  each  gear  set  was  operated 
for  30  min.  at  each  of  two  load  levels,  viz. ,  1035  and  2070  ppi. 

The  scoring  test  was  conducted  at  an  oil  jet  temperature  of 
190®F  and  a  pinion  speed  of  4,  500  rpm.  The  tooth  load  was  increased 
from  an  initial  value  of  2070  ppi,  in  207-ppi  steps  of  10  min.  each, 
until  scoring  was  obtained.  After  each  load  step,  the  rig  was  stopped 
for  visual  inspection  of  scoring.  Following  the  inspection,  the  previ¬ 
ous  load  step  was  repeated  before  proceeding  to  the  next  load  step. 

The  test  gears  were  lubricated  by  cascading  oil  and  by  an  oil 
jet  directed  into  the  mesh.  During  the  scoring  test  sequence,  the  oil 
jet  temperature  was  190°F  and  the  flow  rate  was  0.45  gpm.  Neither 
the  temperature  nor  the  flow  rate  of  the  cascading  oil  was  measured. 
However,  as  in  the  case  of  spur  gear  tests  (App.  F),  it  is  estimated 
that  the  cascading  oil  temperature  was  close  to  190®F  and  the  flow  rate 
was  probably  on  the  order  of  1 . 1  gpm. 

Scoring- Limited  Power -Transmitting  Capacity 

Six  tests  were  run  on  the  spiral  bevel  gears.  However,  one 
test  was  aborted  because  the  test  oil  pump  was  inadvertently  not  turned 
on.  The  results  of  the  five  remaining  valid  tests  are  summarized  in 
Table  G-l.  The  average  scoring  power  was  367  hp.  A  statistically 
more  meaningful  scoring  power,  derived  from  Weibull  analysis  at  10- 
percent  scoring  probability,  is  346  hp,  and  its  90-percent  confidence 
limits  are  320  and  374  hp. 
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Figure  G-2.  Thermocouple  locations  on  spiral 
bevel  gear  pinion 
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TABLE  G-l.  SUMMARY  OF  SPIRAL  BEVEL  GEAR 

TEST  RESULTS 


Scoring  Scoring  Scoring  Pinion  surface  Pinion  blank 

Test  load,  torque,  power,  temperature,  CF  temperature,0 F 

no.  ppi  in. -lb  hp  Toothtip  Tooth  root  Topland  Web  Hub 


1 

4140 

5222 

357 

200 

187 

— 

169 

185 

2 

4347 

5483 

374 

— 

190* 

— 

— 

— 

3 

4554 

5744 

392 

— 

213* 

220 

— 

— 

4 

4140 

5222 

357 

— 

224* 

275 

— 

— 

5 

4140 

5222 

357 

_ 

217 

235 

MM 

*  Average  of  readings  from  three  equally  spaced  thermocouples 
in  position  3  (Fig.  G-2). 
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Pinion  Surface  and  Blank  Temperatures 


The  pinion  surface  temperature  was  measured  by  means  of 
imbedded  or  welded  thermocouples  at  three  locations  shown  in  Figure 
G-2.  The  temperatures  reached  at  scoring  are  presented  in  Table 
G-l.  In  Tests  2,  3,  and  4,  the  reported  temperatures  at  the  tooth  root 
were  the  averages  of  readings  from  three  equally- spaced  thermocouples 
in  position  3  shown  in  Figure  G-2.  The  individual  thermocouple  read¬ 
ings  in  each  case  differed  from  the  reported  average  by  about  ±10®F. 
Note  that  the  tooth  tip  and  top  land  temperatures  were  generally  higher 
than  the  tooth  root  temperature,  due  apparently  to  the  fact  that  the 
spiral  bevel  gear  teeth  were  not  modified  and  therefore  carried  more 
load  at  the  tooth  tip. 

The  pinion  blank  temperature  was  measured  by  means  of  im¬ 
bedded  thermocouples  at  two  locations  shown  in  Figure  G-2.  As  seen 
in  Table  G-l,  only  one  set  of  pinion  blank  temperatures  was  taken 
(Test  1).  Note  that  the  blank  temperature  was  considerably  lower  than 
the  surface  temperature,  and  is  therefore  not  a  realistic  quantity  to  use 
in  critical  temperature  calculations. 


APPENDIX  H 

SPUR  GEAR  COMPUTER  PROGRAM 


Program  Goal 

This  program  evaluates  the  scoring  potential  of  spur  gears. 
Pertinent  gear  data  are  entered  into  the  program,  and  data  relating  to 
contact  geometry,  tooth  contact  loads,  friction,  instantaneous  surface 
temperature,  and  instantaneous  frictional  power  loss  are  determined 
for  approximately  21  points  in  the  mesh.  Contact  loads  are  determined 
from  quasi-static  conditions,  considering  the  effect  of  tooth  deflections 
by  Walker's  method. 50- 52  A  dynamic  factor  by  Tuplin's  method^  is 
also  calculated. 

Program  Language  and  Computer  Type 

The  program  is  written  in  FORTRAN  IV  language  for  a  CDC  6000 
Series  computer,  using  RUN  compiler  and  SCOPE  3.4  system. 

Input  Cards 

There  are  11  data  cards  per  set  of  data.  Up  to  4  additional 
cards  may  be  used  to  study  the  effect  of  modifications  other  than  the 
designed  profile  modification. 

Data  are  entered  according  to  the  gear's  function,  driver  or 
driven,  instead  of  the  more  common  but  less  descriptive  appellation 
of  pinion  and  gear. 

Input  data  are  entered  on  each  card.  In  most  cases  up  to  10 
characters  may  be  entered.  All  data  are  in  inches  unless  noted  other¬ 
wise.  Card  data  and  necessary  explanations  follow: 

Word  Column  Symbol  _ Description _ 

Input  Card  1 

1  1-5  KARC  Use:  0  -  if  Columns  61  through  80  on 

Card  4  and  Columns  1  through  20  on 
Card  5  are  arc  tooth  thickness 

1  -  if  Columns  61  through  80  on 
Card  4  and  Columns  1  through  20  on 
Card  5  are  chordal  tooth  thickness 
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Word 

Column  Symbol 

Description 

Input  Card  2 

(PRELIMINARY  INPUT  DATA) 

1 

1-10 

ANP 

Number  of  driver  teeth 

2 

11-20 

ANG 

Number  of  driven  teeth 

3 

21-30 

BP 

Thermal  constant  (driver), 
lb/  °  F-in.-sec* 

4 

31-40 

BG 

Thermal  constant  (driven), 
lb/°  F-in.-sec^ 

5 

41-50 

BRKP 

Tip  break  radius,  maximum  (driver) 

6 

51-60 

BRKG 

Tip  break  radius,  maximum  (driven) 

7 

61-70 

DO  PM  A 

Outside  diameter,  maximum  (driver) 

8 

71-80 

DOGMA 

Outside  diameter,  maximum  (driven) 

Input  Card  3 

1 

1-10 

DOPMI 

Outside  diameter,  minimum  (driver) 

2 

11-20 

DOGMI 

Outside  diameter,  minimum  (driven) 

3 

21-30 

DRPMA 

Root  diameter,  maximum  (driver) 

4 

31-40 

DRGMA 

Root  diameter,  maximum  (driven) 

5 

41-50 

DRPMI 

Root  diameter,  minimum  (driver) 

6 

51-60 

DRGMI 

Root  diameter,  minimum  (driven) 

7 

61-70 

EP 

Young's  modulus  (driver) 

8 

71-80 

EG 

Young's  modulus  (driven) 
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Word 

Column 

Symbol 

Description 

Input  Card  4 

1 

1-10 

FMINP 

Face  width,  minimum  (driver) 

2 

11-20 

FMING 

Face  width,  minimum  (driven) 

3 

21-30 

PRP 

Poisson's  ratio  (driver) 

4 

31-40 

PRG 

Poisson's  ratio  (driven) 

5 

41-50 

RFMIP 

Root  fillet  radius,  minimum  (driver) 

6 

51-60 

RFMIG 

Root  fillet  radius,  minimum  (driven) 

7 

61-70 

TPMAS 

Arc  or  chordal  tooth  thickness  at 
standard  pitch  diameter,  maximum 
(driver) 

8 

71-30 

TGMAS 

Arc  or  chordal  tooth  thickness  at 
standard  pitch  diameter,  maximum 
(driven) 

Input  Card  5 

1 

1-10 

TPMIS 

Arc  or  chordal  tooth  thickness  at 
standard  pitch  diameter,  minimum 
(driver) 

2 

11-20 

TGMIS 

Arc  or  chordal  tooth  thickness  at 
standard  pitch  diameter,  minimum 
(driven) 

3 

21  -30 

BMIN 

Backlash,  minimum 

4 

31-40 

BM  AX 

Backlash,  maximum 

5 

41-50 

CNSTD 

Use:  0  -  if  gears  operate  on  standard 

centers 

Value  -  if  gears  operate  on  non¬ 
standard  centers 
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Word  Column  Symbol  _ Description _ 

Input  Card  5  (Cont'd) 

6  51-60  PHIN  Pressure  angle,  deg. 

7  61-70  PND  Diametral  pitch 

Input  Card  6  (RPM  AND  HORSEPOWER  LOOP) 

1  1-10  RPMP  Rpm  of  driver,  initial 

2  11-20  RINC  Rpm  increment.  Blank  if  only  one  rpm 

3  21-30  RPMX  Rpm  maximum.  Blank  if  only  one  rpm 

The  effect  of  several  driver  speeds  on 
the  gear  set  nay  be  studied  by  using 
this  loop.  There  are  no  limits  on  the 
number  of  times  the  speed  is  Incre¬ 
mented,  so  long  as  the  maximum  rpm 
does  not  exceed  10  digits 


4 

31-40 

HORSES 

Horsepower,  initial 

5 

41-50 

DHP 

Horsepower  increment, 
one  horsepower 

Blank  if  only 

6 

51-60 

HMP 

Horsepower  maximum, 
one  horsepower 

Blank  if  only 

The  effect  of  the  application  of  several 
power  levels  for  the  gear  set  may  be 
studied  using  this  loop.  Since  this 
horsepower  loop  is  inside  the  rpm 
loop,  the  program  will  analyze  the 
complete  range  of  horsepower  for 
each  rpm  before  moving  on  to  the 
next  rpm 
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Word  Column  Symbol  _ De  script  ion _ 

Input  Card  7  (PROFILE  MODIFICATIONS) 

1  1-10  MOD  Use:  0  -  if  profiles  are  not  modified 

1  -  if  pinion  and  gear  tips  are 
modified 

2  -  if  pinion  tip  and  root  are 
modified 

3  -  if  gear  tip  and  root  are 
modified 

2  11-20  PI  Modification  at  break  diameter  for 

modified  profiles  in  engagement  from 
A  to  C 

If  MOD  =  0,  leave  blank 

If  MOD  =  1  or  3,  this  is  gear  tip 
modification 

If  MOD  =  2,  this  is  pinion  root 
modification 

3  21-30  P2  Modification  at  break  diameter  for 

modified  profiles  in  engagement  from 
B  to  D 

If  MOD  =  0,  leave  blank 

If  MOD  =  1  or  2,  this  is  pinion  tip 
modification 

If  MOD  =  3,  this  is  gear  root 
modification 

4  31-40  El  Roll  angle,  deg.,  where  modification 

ends 

If  MOD  =  0,  leave  blank 
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Word  Column  Symbol  _ Description _ 

Input  Card  7  (Cont'd) 

If  MOD  =  1  or  3,  this  is  gear  roll 
angle 

If  MOD  =  2,  this  is  pinion  roll  angle 

5  41-50  E2  Roll  angle,  deg.,  where  modification 

ends 

If  MOD  =  0,  leave  blank 

If  MOD  =  1  or  2,  this  is  pinion  roll 
angle 

If  MOD  =  3,  this  is  gear  roll  angle 

6  51  -60  RDMORE  Use:  0  -  if  this  is  last  modification 

card 

1  -  if  another  modification  card 
follows 

A  separate  card  is  used  for  each  set  of 
modifications,  up  to  a  total  of  5  cards. 
Each  card  may  use  a  different  MOD  so 
that  the  effect  of  various  types  of  modi¬ 
fication  may  be  studied,  as  well  as  the 
effect  of  different  amounts  of  modifi¬ 
cation.  The  program  assumes  a 
linear  modification  from  the  break 
radius  to  a  radius  having  a  roll  angle 
of  El  or  E2 

Input  Card  8  (METHOD  CARD) 

1  1-10  METH  If  only  static  conditions  are  to  be  ob¬ 

tained,  leave  blank;  otherwise  put  a 
1  in  Col.  10  to  calculate  a  dynamic 
factor 
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Word 

Column 

Symbol 

Description 

Input  Card  9 

1£  METH  is  blank,  omit  this  card; 
otherwise: 

1 

1-10 

AP 

Thickness  of  driver  gear  rim  below 
the  root.  If  gear  is  solid,  this  dimen¬ 
sion  will  be  the  height  the  driver  ex¬ 
tends  above  the  shaft  surface. 

2 

11-20 

AG 

Thickness  of  driven  gear  rim  below 
the  root.  If  gear  is  solid,  this  dimen¬ 
sion  will  be  the  height  the  driven  gear 
extends  above  the  shaft  surface. 

3 

21-30 

PEP 

Pitch  or  spacing  error  (driver) 

4 

31-40 

PEG 

Pitch  or  spacing  error  (driven) 

5 

41-50 

PMI 

Mass  moment  of  inertia  (driver), 
lb-sec^-in. 

6 

51-60 

PMG 

Mass  moment  of  inertia  (driven), 
lb-sec^-in. 

Input  Card  10 

If  METH  is  blank,  omit  this  card. 

If  METH  is  1  and  values  are  unknown 
from  other  sources,  leave  card  blank; 
otherwise: 

i 

1-10 

NAT(l) 

Lowest  natural  frequency  of  gear 
system,  rpm 

2 

11-20 

NAT(2) 

Highest  natural  frequency  of  gear 
system,  rpm 

3 

21-30 

NAT(3) 

Natural  frequency  of  teeth  acting  as 

a  spring,  rpm 
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Word  Column  Symbol  _ Description 

Input  Card  10  (Cont'd) 


These  natural  frequencies  are  those 
for  a  system  consisting  of  the  two 
gears  under  analysis,  and  the  gears 
(or  loads)  on  the  ends  of  their  shafts. 
These  frequencies  may  be  found  by 
the  Holzer  method.  If  none  of  these 
frequencies  are  available  for  input, 
the  program  will  calculate  NAT(3) 
from  the  simple  system  consisting  of 
the  two  gear  blanks  as  masses  and  the 
contacting  teeth  as  springs. 


Input  Card  11  (FRICTION  AND  TEMPERATURE) 


1 

1-10 

FR1 

Friction  factor  from  Eq.  (55),  (57), 
(59).  or  (61) 

2 

11-20 

FR2 

Friction  factor  from  Eq.  (54),  (56), 
(58),  or  (60) 

3 

21-30 

TCON 

Temperature  difference  factor  from 
Eq.  (69) 

4 

31-40 

TEMP 

Oil  jet  temperature,  °F 

A  sample  set  of  data  cards  for  the  ground  spur  gear  design  and 
operating  conditions  given  in  Chapter  VIII,  Section  B,  is  shown  in 
Figure  H-l . 

Since  the  tooth  thickness  is  given  as  arc  length  on  Cards  4  and 
5,  Card  1  contains  a  zero  in  Column  5.  The  pinion  was  the  driver  in 
this  example,  so  pinion  data  were  entered  in  the  driver  parts  of  the 
appropriate  cards.  From  Card  6,  it  is  noted  that  the  effect  of  one 
speed  level  was  studied  at  six  power  levels,  100  hp  apart.  The  invo¬ 
lute  profiles  of  the  pinion  and  gear  were  modified  on  the  tips;  hence 
Card  7  contains  a  1  in  Column  10  for  MOD.  Since  only  one  set  of 
modifications  was  considered,  Column  60  for  RDMORE  is  blank. 

Card  8  has  a  1  in  Column  10  indicating  that  a  dynamic  factor  was  cal¬ 
culated.  Since  a  dynamic  factor  was  calculated,  Card  9  contains  data. 
No  vibration  data  were  available;  hence  Card  10  is  blank.  Card  11 
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Figure  H-l.  Sample  ground  spur  gear  computer  program 

data  cards 
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I 


contains  friction  factors  calculated  for  plain  cross-ground  surfaces 
with  a  composite  surface  roughness  of  1  3.  7  fiin.  AA,  using  Equations 
(56)  and  (57). 


Computer  Program 

Figure  H-2  shows  the  listing  of  the  computer  program.  Con¬ 
trol  cards  are  not  included. 

Sample  Printout 

Figure  H-3  gives  the  data  printout  for  the  input  data  of  Figure 
H-l.  Results  are  shown  for  600  hp  only. 

The  first  page  of  the  printout  lists  the  input  data  for  reference 
purposes,  plus  miscellaneous  geometric  parameters.  The  second 
page  provides  additional  input  data  listing. 


The  third  page  is  the  ROLL  ANGLE  SECTION  in  which  roll 
angles  are  given  for  both  the  pinion  and  gear  for  the  start  and  end  of 
contact,  and  for  the  lowest  point  of  single  tooth  contact  (LPSTC)  and 
the  highest  point  of  single  tooth  contact  (HPSTC). 

Two  contact  ratios  are  given.  The  larger  represents  the  maxi¬ 
mum  attainable,  ignoring  tip  rounding.  The  smaller  value  is  the 
actual  contact  ratio,  taking  the  rounding  into  account. 

The  body  of  the  figure  gives,  for  corresponding  pinion  and 
gear  roll  angles,  the  radii  of  curvature  and  the  instantaneous  sliding 
and  sum  velocity  for  several  points  throughout  the  mesh. 

The  next  page  is  a  continuation  of  the  ROLL  ANGLE  SECTION, 
listing  the  dimensions  of  the  uniform  stress  parabola  inscribed  within 
the  tooth  outline. 


The  fifth  page  is  the  LOAD  FORCE  SECTION,  in  which  the 
quasi-static  loads  are  determined  as  a  function  of  the  tooth  deflections 
and  the  profile  modifications  at  several  points  in  the  mesh  cycle. 


Roll  angles  at  positions  7  and  8  and  also  positions  17  and  18 
are  duplicated.  Positions  7  and  8  represent  the  point  where  double¬ 
tooth  contact  starts  (LPSTC),  and  positions  17  and  18  represent  the 
point  where  double-tooth  contact  ends  (HPSTC).  Two  positions  are 
needed  to  define  conditions  at  each  of  these  points, because  as  the  gear 


235 


teeth  go  from  double-tooth  to  single-tooth  contact,  or  the  reverse, 
the  load  theoretically  changes  instantaneously. 

The  last  page  is  the  FLASH  TEMPERATURE  SECTION  where, 
for  points  throughout  the  mesh  cycle,  the  parameters  related  to  the 
operational  behavior  of  the  gears  are  given.  The  dynamic  increment 
and  corresponding  dynamic  factor  are  given  at  the  bottom  of  the  page. 

The  program  enters  the  rpm  loop  first,  then  the  hp  loop,  and 
finally  the  modification  loop.  Thus  the  program  will  perform  all  of 
the  calculations  in  the  LOAD  FORCE  SECTION  and  the  FLASH 
TEMPERATURE  SECTION  for  each  set  of  modifications  specified  in 
the  modification  loop  at  the  initial  values  of  hp  and  rpm.  When  the 
modification  loop  has  been  completed,  the  hp  will  be  incremented  and 
the  modification  loop  repeated. 


*ROG»»»  **U*G»  (1NRUT, OUTPUT. T»*E»»IN*UT,T»*l6M0UT*uT)  3*6*0010*0001 

•  (*Tl*N»L  8*U*  KIM  •  80*  »  3*6*0010*0001 

•  FVALUATING  DESIGN  *»»»•  •  3*6*00)0*0001 

•  *IT(*»,  PROGRAMMED  !*•  •  3*6*00*0*0003 

•  M»*»  C»*TE*  3**1  •  3*6*0030*0006 

*••••«••«<•••*••  3*6*0060*0006 

3*6*00)0*0003 

»E»l  N»T,N»Tfg  3*6*0010*0000 

1NUGE*  *0*0*1  3*0*00*0*000* 

0!*(63!0N  10(0.101(6).  IMO(t), (MOM*). 1*003)0*6*01*0*0010 

.  1*0)0)  .  !*(*). 1*1(6).! *•())»  !*(*),  **00(6,*),  0*6*0110*0011 
F*(*o).*6(«o),  **eo(«o>,reeo(*o),  **(»a>.M6(*o).  *oD(os*6»oi*o*noii 
,  NATO),  DF|*(*0)»  DEC*(30).DECG(*0>,  *H0*(»0) ,3*6*01)0*001) 

**06(30) ,  »0LL»»T(*0,2),  yO(30),vT(»n),  0*S6(30),  3*6*0130*0013 

F*IC(*0),  **((30).  T*(«fl),TG(*0I,  >0I**(30).I0I*G(30)  t*6*0H0*001l 


♦,  ««*0(30,2) 

0*r»  in/10*  *o*ce  »  /. 

•  10I/)0M  1.0*0  FO*C,  10HMCT0*  It  » 10MTU3L IN  *kt, 

•  i o*c  ,10*  ,10**00  / 

OATi  |*0  /ION  SECTION  , 10*V**!*ttl) 3  ,10*03(0  IN,,, ,10*  600* 

•  10*  C*ICS,  /, 

•  1*0 1  /lo*  NO»**L  ,  l(i**0»3(*0*f»,10*  *0018,  ,)0H  *et*od 

»,  1*02  / l 0*  *06 L  ,10*  60*0  ,10*DVN**!C  ,10*  *E*T( 

•  10*  *6*0*  I 

*,  1*0)  /10*  AN66CI  ,10*  *0*C(  ,10***ICT10N  ,10M  STRCK 

.  10*  T (**  F  ,10*  CTEM*  ,10*  **(  / 

CO*«ON  J»,JS, JC, JO,«***,*I,*N,«N,**M*,6OU,6IN,»N*,»NG,O**,O0G, 

•  100*6. CNSTO,*r*,*(G, *6***, 0*»,*l, **,!»!, BET 

LI*  ..  IN*ut  606106  UNIT  NUMBER 

LOh  -«  OUTPUT  LOGICAL  UNIT  NUMBER 

3B«  ..  NO.  0*  RONS  0*  JTO»»Cf  *****,,,(*066**0 

•N  —  CONVERT  1*0*  OEG*((l  TO  **DI*N3 

Of G*  --  CONVERT  FBO*  B1DIAN3  TO  0EGBEC3 

**m»»0 

LINb) 

L0U*6 

*Nt,n|*«*«f*) 
ntGBB3),f36))R61 )1 
*I»l,l»l3326Sll«** 

inp  it  o*r*  section 

6  *l*o  (I  IN, loon)  k **C 
If  (EOF, LIO  100,10 
10  «*I*f  f  LnU» lion) 

*E*0  (l IN, 1020)  **PvtNGfB*,3G,0***,3**G, DORM*, DOG**, 

•  00**1 ,00GMI , 0RRM1, 0*6**, 0***1 , DR6MI , E*, [6, 

•  r«IN*,r«ING,***,**6,R*M!*,R*MI6,T*M*S,T6M*S, 

•  T**I3,TG*I0, 0*IN,  *M*X ,CN8T0, **IN, *ND 
**IT(  (LOu, 1120)  AN*. *NG. **.06,3***, 3**6, DO*M«, DOGMA, 

•  00**1 (OOGMJ , t  **mi,oR6m*, D**MI , 0*G*I,E*,E6 
■RITE  (LOU. 11261  *“1n*,(*ING,*R»,*RG,R*mjr,r*mig,  T*m*3, TC**I, 

•  t*mii,tg*I3,8*IN,§m*«,CN3T0,**IN,*N0 
■  ERROR*  PRELIMINARY  C*6CUL*OON8 

I NR|*PHIN*RN 
INS  1*31 N (*NR*) 

(NCO«CnS(PNR*) 

PNTH»PN*I/PNCO 

C)Tn.(lN3»«NC)/(*,.3N6) 

IF  fCNSTO)  tin, JO*, 110 
103  CNST03CST0 


830*0160*0016 
0*6*0180*001) 
036*01*0*0018 
336*0200*001* 
,330*0210*0020 
3*6*0220*0021 
/3*6N02)0»n02( 
.8*6*02*0*002) 
8*6*0(30*002* 
.036*0260*0023 
3*6*02)0*0026 
1*6*0110*002) 
8*6*01*0*0020 
0*6*0)00*002* 
8*6*0)10*00)0 
0*6*0)20*00)1 
0*6*0)10*00)2 
1*6*01*0*00)) 
3*6*0)30*00)* 
8*0*0)60*00)3 
3*0*01)0*00)6 
3*6*0)10*001) 
8*G*0)*0»00)t 
3*6*0*00*00)* 
0*6*0* 10*00*0 
0*6*0*20*00*1 
8*6*03)0*00*2 
3*G*0*»0»00») 
3*6*03)0*00*3 
0*0*0*60*0033 
8*6*03)0*00*6 
3*6*0310*003) 
3*6*03*0*00*0 
0*6*0300*003* 
3*6*0310*0030 
3*0*0320*0031 
0*6*03)0*0032 
83G*03»0»003) 
0*6*0330*0033 
3*6*0360*0033 
8*6*03)0*0036 
0*6*0300*003) 
3*6*0330*00)0 
8*0*0600*003* 
0*0*0610*0060 
3*6*0620*0061 
3*0*06)0*0062 


Figure  H-2.  Listing  of  ground  spur  gear 
computer  program 
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c 


c 


c 


c 

c 

c 


c 

c 

c 


110  PO«*(ANP*ANG)/U,*CNSTD) 
f »*(CSTO*FNCO)/CNSTO 
H»iaATAN(30NT(l,*(7  X)**i)/FI) 

'xstrsincfxra) 

fxco*cos(pxra> 

MTliMSI/FICO 

;FN«rxT».rM* 

IMiFlTI'FiM 

AHGaAHG/ANP 

R«GaANP/ANG 

rabinr/pho 

DSP«0P*»HC0 

Oxp*a*p/pox 

D&aAHG/PHO 

0»G*DG*7HCP 

DxGsAnG/POx 

00l>RPa00*“l*(*,*»R«P) 

lK>DiG*00G''I-(lt*BR«G» 

U  a  *k*  (  SORT ( (D0D8C*D0DBG)»(08G*DBG) )*SQRT((0X6*DXG) 
Z«  a  C SORT C (OOOBP*DOOBP)*(DBP*D6P))*8QRT ((DXP*0XP) 
VO  a  ,k*Si)RT((0xP*0XP>*(0BP*DBP)> 

»u  a  #5*3QBT ( (DxG*0XG)*(i)BG*DBG) ) 

vabvo.ja 

Pa  a  PI*DBP  /  ANP 
CPH*PI*0xP/AHP 

(.R  a  l,/(([l.*(PRP*PRP))/rP*((l,*(PAG*PRG))/EC))/l,) 
aOPa  DUPH1*ORPma 
aOG  a  DOGmI*DRCha 
AOPa(OODBP*OXP)/f , 

A0Ga(00DBG*Di6)/l, 

FNRlBPNRA/NN 

FlDiariM/BP 

«*I  TE  (LOU# WOO)  ADP,t0G.DBP.0BG,0n0BP,DODHG,0P.06> 

•  0*P , 0«G. «0P i »0G 

«»ITl  (LOUiWOl)  ahG.CnSTO,CPH,PnRA,FXRa,ER,PB, 

a  POl,<)M6,VO,*Oi2t.2FNl2F«,ZP 


8PGR0k»0*00kl 
SPGROkSO»OQkA 
8PGHQkk0*00kt 
BPGBOk  70*00kk 
8PGROhBO*OOk7 
8»r.ROkAO*OOkB 
8PGR0700»nOkA 
8PGRQ710*0070 
SPGR07/0»n071 
SPGR07J0*P0?I 
3PGRO?V0»n071 
3PGR07»0*fl0TA 
3PCB07k0»007k 
8P6RQ770*i'07k 
8PGR0780*o07? 
8PGRO7A0*P071 
SPGR0B00*o07R 
8PGR0ll0»flUB0 
SPGROBf 0*0011 
SPGROB  Jn*P(Jll 

*(080*006) ) )  SPCR08»0*n081 

.(OBPaOBP)))  SPGROBtP»o08k 
8PGROkkO»0088 
&PGR0B70*D0Bk 
8PGR0B8C*00B7 
8PGR0BR0*P0BB 
SPGROROO*OOBR 
SPGROAIO*OOBD 
SPGRualC*nO*l 
SPGROR10*nUAl 
3PORO*vo*poai 
SPGRUALO*(>OA* 
SPBRUAkO*nO%L 
SPGROA 70*P0*k 
8PGRnABP*n0*7 
SPGRORRO*OOM 
8POmO0O*P0'B 
8PCR1P10*'|10P 


7  HHAaFNRAaRH 
7 lAtaFiRAtRN 

I»  («*RC,IO,0)  GO  TO  ilk 

CALCULATE  ARC  TOOTH  Tn«,  PRO*  CHORDAL  TH«, 

lN*faS*TP«!S)/(,S*OP) 

ANai T AN( an/ (SORT (1,*( AN) •*!))) 

TPHf SaAXaOP 
AHa(,8.TPMAS)/(.8*0») 

ANaaT AH ( AN/ { SORT (1,.( AH) ••*))) 

TP"aS*AN*DP 

AH*(,S*TG“I8)/(,k*l)G) 

ANa AT  AN (AN/ (SORT (l#*(AN)**f))> 

(CHtSaAHaOC 

ANA(,R*TGHA3)/(,**0G) 

AHaATAH(AH/( SORT (la*(AN)**f))) 

TGMA8aAH*06 

»»ITI  (LJU.W08)  TPMA8,TGHAS(TPMis,TGH18 
CALCULATE  arc  tooth  Tm«,  at  THE  OPERATING  pitch  OIA,  (DXP) 
Ilk  TPHlHaO«P*(((TPHl8/OP)*ZrH).XP«) 


SPGRl010»ni01 
SP&Rin J0*P1U1 
8PGR10»0*nl01 
SPGR)0SU*P10* 
SPGRiOkO*ojOS 
SPGR1 0 70*01 Ofc 
8PGR10B0*0107 
SPGR10RO*P10B 
SPCR1100*P10R 
SPGR1U0*P110 
8PCR1  WO*iJl  11 
SPGR 1 110*01 11 
8PGRll»0*nill 
BPGRlltO»Pllk 
SPCRllkO»Pllf 
SPGR1170*PUk 
8PGRllB0»oll7 
SPCR11R0*P11R 
8PGRW00*r)lR 
SPGRW10*"  WO 
8PCRW10»0W1 
SPG«W1U*0W» 
SPGRW»0»0W1 
SPGRWS0*UW* 


Figure  H-2.  Listing  of  ground  spur  gear 
computer  program  (cont'd) 
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T*M|iaDlt*(((TtMll/Dt)«ZtN)«iri) 

TCNtNan»l*<((TCNII/OC)*ZtN>.Zd) 

TG“»**0«e«(<(T6“»l/D6>*I»N).ItI) 

tM(Tt»lN/ORt)«Zt)l 

CKR(TC»IN/OIC)*|IX 

MIITt  CLOU.lIOk)  TtM»K.TOM*R,TtNIR,Td|N,tR,CR 
RdO  ILIN.lOkO)  RtMt.RINC.RIMI.MOROCIjOHt.NtN 
10*0  tOR«*T  (tr|i),i) 

««!Tt  (LOU, lid)  »w 
it  (Rinc.io.o.)  to  to  i< 
mrite  ciou.nti)  tiNCiMMi 
c 

c  RdO  VARIARLI1  rot  MORICtOMfR  toot 

it  «e«m  (LOU, 111*)  !*D<t>.!*0(li.lH0;C»»,I»O(«) 

NR!  TK  C.OU.llkO)  HOMO 
It  (DM*. 18.0)  CO  TO  Ik 
NRlTf  <L0U.U»1)  ONt.MtM 

c 

Ik  1*1 

If  (LlN.lOkl)  “00(1). (»MOD(!,J),dl»k), *0*011 

it  (Hooin.fa.o)  co  to  i* 
it  ci.CT.n  eo  to  tt 

*RlTC  (LOU# 1111)  IMOd). 1*0(1), 1*01(1), INO<*> 

Ik  IHialMKi) 
t*I*l“I(t) 

It  (MOOM).CT.I)  IM1*I“I(I> 

It  (“00(1). OT.l)  IMIalMf(l) 

i »  atm  (tog.iiok)  »"00(i, i>,*»oo(i,i> 

N*lTC  (tOu.llkT)  1*00(1,1), *“00{I, k) 

I*  It  (»D“0*t .EO.O)  CO  TO  >0 
nikl 
60  TO  II 
10  NHOptl 

r 

C  1(10  AND  PRINT  OAT*  tot  ototce  HCTION 

c 

Ido  UlN.lOiO)  HtTH 
**ITC(L0U,tl) 

It  F0*“AT(//*IH  METHOD  UtIO  tOI  CALCULATING  NORMAL  TORCI*/ 

•  ll.IIMl  normal  tORCt  *  ITtTIC  tOICt) 

It(MfTM,Nt.l>  60  TO  kl 

RdO  (tIN.  10ft)  At,*G,tCt.teC,t*l,CMI.NAT 
MlITt (LOU# Ik) 

Ik  fOI«*TU«,kkMI  DYNAMIC  tACTOI  CALCUL*ttO  l»  TOMLIN  METHOD) 
MRITf  (LOU.  nil)  At,  AO, Id, IE6, IMI.GMI, NAT 

c 

C  RdO  A  NO  PRINT  OAT*  tO»  tt*»M  TtMt  ItCTION 

kl  RdO  (LIN.  IQkO)  tRl.tRI.TCON.TCMt 

■RITE  (LOU, 1110)  IMD ( I) . I MO ( I) , 1*01(1), IHDIC t ) , XHDC 1) 
kt  MRITt  (LOU.llfcO)  ttl.tRI.TCON.TCMR 
C 
C 

100  ItMjatMIN 
C 

t  RapM|Nt 

It  (FMiNC.LT.tMlNt)  RtatMlNC 
C 

C  RICIN  RtM  L00t 
C 

HPlaMORttt 
*0  HORJCitHtl 
I«C*L*1 


CtCRlIkOMl 


ltd 


0*01 


•PCI 

•OCR 

•OCR 


0*01 

0*01 

0*01 


StCR 

ltd 


0*0 1 
0*01 


ItCR 

ltd 

OtOR 


0*01 

0*01 

0*01 


OtOR 

ItCR 

ltd 

ItCR 


0*01 

o»m 

0*01 

0*01 


ItCR 

ItCR 

ItCR 

ItCR 

ItCR 

ItCR 

ltd 


0*01 

0*01 

0*01 

0*01 

0*01 

0*01 

0*01 


ltd 

ItCR 


0*01 

0*01 


ltd 

ltd 

ItCR 


0*01 

0*01 

0*01 

0*01 


ItOR 

ltd 

ItCR 

ItCR 

ItCR 

ItCR 

ItCR 

ItOR 

ItCR 

ItCR 

ltd 

ltd 

ltd 

ltd 

ltd 

ItCR 

ItCR 

ItCR 

ltd 

ItCR 

ItOR 

ltd 

ltd 


0*01 

0*01 

0*01 

0*01 

0*01 

0*01 

o*ni 

0»P1 
0*01 
o*oi 
0*01 
0*01 
0*0 1 
0*01 
0*01 
C*01 
0*01 
0*01 
0*01 
0*01 
0*01 
0*01 
0*01 


ItOR 

ltd 


0*01 

0*01 


Figure  H-2.  Listing  of  ground  spur  gear 
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c 

e 

c 


c 

e 

c 


c 

c 

c 

c 

c 

c 

c 

c 

e 

c 

c 


no  top  •  moES.AHORSf  si/*p«p 
■to  •  (e.<top)/q«p 
rpmB"HPmpar«g 
TflS«(k)0(f,*MU»K3)/«O"C 
"T6R(Et*TQC)/0«G 
hn  •  htp/p« 

MMaj 

ir  tiRECAL.to.o)  so  to  lit 
ltl  TafC*L«0 


ROLcANGLE  If C T 10" 


ISO  "RITE  (LOU, 1310)  IhD3(1),Im01(1),1ND(1) 

Call  ROLLANG  (V0,ZA,7R,i>0,D0Pm».00Gma,PB,F*TA 

•  , ROLL RAY, RHOP.RHOG, DEEP, DCCG,  VS,  VT 

•  .(BCPjEECPfMARKl.NARKJ.ARa) 

r»lt  wi  (OECR|PP  ,MP.  TP,*01NP,DFSP,D»P,D8P,0RPMI,PI<,ANP, 

•  RPMIP,CP,PI,RN,  JO,P"INP,PPCOiAR»> 

CALL  PHI  (OECG.PG  ,HG,TG,*DIm.,OP SG,0XG,0BC,DRGMI , C« , ANG, 

•  RPMIC,EG,Pl,RN,JO,PNING,PGCO,R*") 

*»iTf  aou,j<Ti«J 

00  Its  1*1. JO 

tirtp{I)«i, 

T»*TG(I)«f, 

"RITE  (L0U,lEE0)  HP{I),HGM)#TI,TI,PPCOm,FGCOfI) 

111  CONTINUE 


LOAO  SECTION 

BEGINNING  OP  "00IPICAT10N  LOOP 
l»  IP  (KANP.ES.E)  GO  TO  INS 

IP  ("OP(""J,fO,('1  GO  TO  INS 
1N0  P1R1M0D(H»,1) 

P»p*N00(NN,P) 

El*t»00("M,t> 

EJ«»NOO(“N,N) 

INS  "RITE  (L0U.IE10)  IHO«((),IH01U>«  IHP(l), HORSES, RPHP,hN 
"ONHOO(NN) 

CALL  LOVPOL  <ROLLRAY,DPSP,OPSG,"«PO,md, 

•  E 1, f E, HARP  I, MARK  i.EBCP.EECP. PH", TOPES) 

IP  (PAMP.fO.B)  IRECAL-1 
GO  TO  ( ISO* ISO)  RAMP 

"HEN  KAMPif  THE  ROLL  ANGLE  and  LOAD  CALCULATIONS  ARE  REPEATED 

DYNAMIC  PACTOR  SECTION 
«P., .METHOD  INDICATOR 

"P " 1  NORMAL  PORCCPL0A0  PORCE  POP  EACH 

roll  ANGLES  POSITION 
MP"f  CALL  SUBROUTINE  FORCE  TO  calc. 

A  DYNAMIC  PACTOR 


no  IHTal 
MP.l 
Ll»l 
LEM 
0P"1 

go  to  no 

ns  ip  (meth.eq.o)  go  to  sio 

MP"| 

GO  TO  II" 


SPGR1NS0P01IT 
SPCR1NL0*" I  IS 
SPGR1N>0»"1«R 
8PGRlNi0»ntN0 
8PGR1NNO»01«I 
3PGR?000»OINE 
SPGRP010*01NJ 
SPGREOEOanl"* 
8»GREOiO*riINS 
SPGREONOKUNk 
SPG»E050»nINT 
SPGREOkO*"lNI 
SPGRE0T0*"1RN 
SPGRf PRO*nEO" 
SPGREO*0*OEC1 
3PGRE100»nE0E 
BPGRBI 10*0*01 
SPGRElEO*PEO» 
SPGREl 30*0301 
SPGREl»0*nE0k 
SPGRE1S0NOEOT 
SPGREnn»"POI 
SPGRE ITOmOEON 
SPGRtllO»n?i" 
S°GRE1N0*"E11 
SPGREE00*n31E 
SPCREE10»nEll 
3PGREEE0»oEl» 
SPGREE30*"E1S 
SPGREENO*OEn 
SPGREESO*OE1T 
SPGREEkO*oElR 
SPGREE»0»0EI« 
SPGREEIO*nEEO 
SPGREENO»nEEl 
SPGAElODmEEE 
SPGRESIOmoEE) 
3PCRElE0»nEE* 
SPGR2) 30*0335 
SPGREl*0*nE3k 
SPCRElSOfOEET 
SPG RE 3fcO*nEER 
S»GRE1T0""EE" 
SPGRE«D*nEl" 
SPGR?INO*"Ell 
SPGRE*00*"EiE 
SPGRE*10*nE31 
SPGRENEONpE)» 
SPGRENJ0*0E35 
BPGRENNO*OE]fc 
SPGRENS0P0E17 
SPGRENNONOE3R 
SPG»E*»0*0E1R 
!>PGRENRn*nEN0 
3PGR3nN0*0S*1 
SPORES  I 0*oENE 
SPG»3SE0*nE»T 
3PGRES10»nEN* 
SPGRES»0*nE*S 
SPGRESSO*OE*fc 
3PGR3SkO*"EN J 
SPG>ESEO»'iEn| 


Figure  H-2.  Listing  of  ground  spur  gear 
computer  program  (cont'd) 
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I 


HO  U*l 
llixfO 
L3R*#«1 

H«m  (LOUtino)  ihd*(i),ioi(»), ioidi), mat) 

NATFORNAT(I) 

CALL  FORCE  (AP,AS,  CPN,DXP,D«6,EF,E6,FHINP,FNlNe,FNRA, 

•Mo»tn,»*nQ,»t»i,»Mi,MP,Me,TtM|i,Tei<i»,v»,»oF,»o6,iNT,Torio) 
eo  to  no 

FLA|N  TENPERATURE  UCT10N 


MNHIMi 
mtiioMi 
WMIHOMl 
•FMIW0»0t 
•HUkHtOl 
IKUtiOMl 
ItHIklOMl 
RP6RibtO*nl 
MWIblOtni 
IKHbb0»0t 
IHtlbHMl 

•too  EACH  toil  ANCLE  POSITION  *  FRICTION  COEFFICIENT  U  DETERHlNrD»IPCR*biO*Ot 
•VALUE*  ARE  THIN  FOUNO  FOR  FLAIH  TENPERATURE,  •IF8RfkR0*0t 


tlO  CALC  FRFNC  (TI,TCMR|WXFO,FRIC,FHt,RRll,JOiWl,Vi,FN,IR,  •F6Ri»»0*Pt 

•  P„EAV,FRl,FRt,TCON.JR,JC.ROLLRAr,PMeT,JA,RPMP,ANP)  RPCRiT10»Ot 

"RITE  (LOU,  1111)  INOI(I) ,  IMDI (I) ,  IHD(l) ,HO»II$,RPNP,«N,TI,PMEAV  IFCRlTTOKt 
►  »ItE  (L0U,l**0)  'HD1(1),ID(L1),I01(UM,I01(LI)  »PCR*7kO*OI 

"RITE  (LOU, 1110)  iHOt  (  l),IHDt(t),(  INOI(N)  ,NM,S),(IHD3(N)*HR1,7)  »PGRt7bO»nt 
DO  |70  m,JO  *P6Ri770*0t 

UF0pCER"»F0(I,L1)  RPCRI7IO"Ot 

RiOf  •  (RN0F( 1 )*RH0G( I ))/(RH0F(l) ,Rh06( I ) )  •PCRt7N0P"t 

IF  {OFORCE.NE.O.)  eo  TO  111  tF6RIIO0»a< 

DT  >0,  IPGRtilO»Ot 

m(RtZ«D(  tF6Ri«IO»nt 

CTE»P«TS  SP6R<RI0»flt 

CO  TO  tti  $P6RIR»0*0l 

tlk  HERtZ", HRR*»8RT(ER/Fl>)»»eRT(0P0RCt/RH0E>  IF6R<RI0»Ut 

(>T».Fni,(FRIcm*((OFO«CE/F»),*(l,/,,)),(lR,«(l1/»l))/(RMO(«*(;I/  RPCRfRbOPUl 
•»,)))*(tbS(RN0F(l)«(«NF/tNe*RH0C(n))tiaRT(RFNF)/(IF*l0RT(RH0F(I))IF6RIRF0»Ot 


•♦(br.*$ORT  < ANP/AN0«RH00(  I )  )  )  )) 

■P6RiRRO»0>TR 

9i  i 

CTE-MmOT 

(SS 

""IT)  (LOU, It  IS)  I,ROLLRAY(I,1),DFORCC,FRIC(I).HERTZ,OT, 

RP0RtR00*nf»l 

*  CTEmP.PHEII) 

APCRtMO»nttt 

17  0 

Continue 

•PeR*N*0*ntlJ 

UCnnM  HfTHOO  LOOP 

OPCRtR JO"nf it 

soo 

GO  10  (US, MO)  mf 

SPCRtRT  ONntat 

SPGR(NtO»Otlh 

INCREMENT  NODU  tCATION  LOOP 

»PCRtRbO*ntl7 

SIO 

I)  f«»,E0,NM00)  CO  10  wo 

SPCR<RFO»"t«l 

m*sn»m+! 

$PCRtRNO»OtlR 

if  (IRECEL.tU.l)  CO  TO  lil 

SPGN<RRO»nttO 

CO  TO  lit 

•P6R3000*PtNl 

•PGR30l0*0tNt 

Increment  muRS£PO»ER  LOOP 

•P6RintO»OtRl 

•PCRJ010»ntR» 

stn 

IF  (HORSES.CE.MPH)  CO  TO  bOO 

SP6R10A0»ntRt 

SFt 

HORRES""0RSES*OHP 

RPCRlOCONOtSk 

co  to  no 

(PER10b0»ntRT 

cun 

RPCRlDROkntRR 

CO  TO  SO 

•PUR 3ORO*n3O0 

InP.jT  FORMATS 

SPCRIlOOmlOl 

;ooo 

FuR»AT  ((It) 

RPCRlllOVnlOE 

10JU 

) OS "AT  (RFlO.t/kFin.t.lElO.t/IF 10,f/7Fl0,i) 

SPCH J120»p)0) 

10»b 

FORMAT  (NI,IS,AF|Oat,tt»,lt) 

RPCR3Un»nlO» 

10S0 

MMUAT  (1101 

3PGR31  AONl’TOS 

lOSfc 

FUS"AT  (bFlII.S/lFId,,) 

tPGR31bO»r<3Pk 

lOhn 

FORMAT  (fFl0at,tF10al) 

IPCK31b0»nl07 

PRE c I "INERT  DATA  OUTPUT  FORMATS 

IP6R3170WJ0I 

iioo 

FOS-AT  ( 1 H 1 ) 

,PCRAl(0»niOR 

11111 

FORMAT  (//»*, <A|0,tAF,A10/l 

SPCRJlNOPnllU 

Figure  H-2.  Listing  of  ground  spur  gear 
computer  program  (cont'd) 
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1 


i 


lilt  FOB.AT  (//l<,l*in,A7) 

im  for-ai  c,«,yrmv*lues  imc  definitions  of  primary  input  variables 

•,10m  (Inch  UNITS  UNLESS  NOTED)  / 

•  2*, IkM  (DRIVER)  ,k«.l«M  (DRIVEN) 

*/11m  ANP  a  , F 10, N, SD , )Dmanc  •  , F10, I, tv, 

•  aOM.NUNOE*  PF  TEETH 

• / 1 1 m  OP  a  ,F 10, 5, SI, 1PHHG  •  , F10, t,f X, 

•  non. THERMAL  CONSTANT  (LD,SQRT(SEC,)/INaDEG,  FI 

•/11m  RBKP  a  ,F10,t,tX,10MRRKC  ■  ,F10,t,tX, 

,  hPm. maximum  TIP  SREAk 

•/11m  OOP**  a  ,F10,t,S«,tOMOOC*P  •  ,F10,ft,tX, 

•  NOM.UUTSIOE  01FNETER,  maximum, 

•/11m  OOP*!  a  ,Fia,S,t>,10MOOC«I  ■  ,F 10,i,SX, 

•  mOm.oiiTSIPE  DIFNETER,  minimum 

•/11m  ORPM*  a  ,F1P,S,5X,10mPRG»*  •  ,F10,!,S», 

•  hOMaROOT  OIAMfTEN, 

•  / 1 1  m  OPP**I  a  ,F10,t,S>,  10MONGMI  a  ,F10,S,»», 

•  sOM.MOUT  DIAMETER,  MINIMUM 

•  /11m  EF  •  ,Mn.o,a«  ,  10*EG  ■  ,E10,0,tX, 

•  sOM.»nuNG'S  MODULUS,  PSI, 

•  I 

1 12S  FORMAT  ( 

•  11—  FMJNP  a  ,F10,t,tX, 1PMFMING  ■  ,F10,S,SX, 

•  nOM-FACF  PIOTM,  MINIMUM 

•  / 1 1  m  MRP  a  ,F 10, S, SX , 1PMPRG  R  ,F10,SitX, 

•  KOM. POISSON'S  RATIO 

•  /  1 1  —  RF-IP  a  ,F)0,S,SX,| OMRfM l G  a  ,F10,t,t», 

•  fcOM.RooT  fillet  RADIUS 

• / l 1 —  IRMAS  a  ,F10,S,S«, 10MTGMAS  ■  ,F10,l,SX, 

•  nom.arc  or  chordal  tooth  thickness,  maximum. 


SPGRIEOOPOIU 
SPGRSPlOPPtlf 
3PGRl220*nlll 
SPGR 1? 10*o3iv 
SPGR 12»0*nllt 
SPCRlEtOPnllk 
SPGR12kO*n317 
SPGR1270*0*IS 
SPGR12S0*nllN 
8PGR12»0*nl20 
SPGR3100*D 12 1 
S»GR1U0*0122 
SPCR1120»OS21 
S*CRI110»0»2» 
SPGR 13V0*P If S 
SPGkl3tO*P12b 
SPG»Hk0»0  1*7 
SPGR1170MM12* 
»PGR J JI0*012R 
SPGRS IRO*01 10 
SPGR1*00*P111 

SPGR  1*1 10*0  T  3* 

SPGR)«20*nlll 

SPGRl*10*nJJ» 
SPGRl«70«Pllt 
SPCRl«tO»DSlk 
SPGR lkkO*D>37 
SPGR IT  70*0  33« 
SP6Rl*tO*n33N 
SPGR1AR0«01«P 


• / l l —  TP- I S  a  ,Fin,t,S«, 10MTGMIS  *  ,FlC,t,t>,  SPGR3tOO*Plkl 

•  tOH.ARC  OR  CHORDAL  TOOTH  THICKNESS,  MINIMUM,  SPGRltlD*nl*I 

•  / 1 1  m  R m I a  ,F10,S,3D«,  TkM.**C«LASH  minimum  SPGR1SE0»nl»  1 

• / 1 1 —  smai  a  ,Fin,s,!OI,  Ik*. BAC»L»SH  maximum  SPGR 1S3D*0 3»» 

« / 1 1 m  CNSTO  a  ,Fin,t,30X,  H". CENTER  OISTANCE,  STAND,  IF  EERO  SPG»1S*0*P 1»» 

•  / 1 1  —  pm  I  n  a  ,Fin,s,3nx,  inm. PRESSURE  ANGLE  (DEG,)  SPGRlSSO»nl<M> 

•  / 1 1 m  pno  a  , Fid, N,10«,lfcM. DIAMETRAL  PITCH  SPGRlSkD.nl*; 

•//)  SPGR1S7P*03»R 

1200  FORMAT  (//1U,*RmvaluES  AND  DEFINITIONS  OF  PRELIMINARY  CALCULATED  SPGR3t»0*n3»N 


•.1DMVARIA0LES  / 

•  it, IkM  (DRIVER)  ,kX,lKM  (DRIVEN) 

• / 1 1 m  AOP  1  ,F10,S,S>, lDMAOG  •  ,‘10, ‘.SX, 

•  kDM. ADDENDUM  (IN.) 

•/11m  ORR  a  ,F I0,s,t», IDmORG  a  ,Fl0,t,kX, 

•  kD  —  BASE  CIRCLE  DIAMETER 

•  / 1  i m  oooflP  r  ,*io,s,»x,iOMDoo»r.  a  , f  io,s,sx, 

•  sow. OUTSIDE  DIAMETER  rref« 

•  /llM  OP  a  ,FLO,t,SX,  IP-nc*  a  ,Fio,t,SX, 

•  ndm-sto,  pitch  oiameti- 

« / l 1 m  OXP  a  ,F10,t,tX, IDmOiG  ■  ,F10,S,tX, 

•  nDh.nON.  STD,  PITCH  diameter 

• / 1 1  m  «0P  a  ,F10,S,SX,10M«0G  a  ,F]0,S,S1, 

•  kOM. -FIGHT  OR  MHOLC  OFPTM 

•/I 


SPGR3»R0*n3SP 
SPGR1kOD*n3tl 
SPGR  3b 1 0*0  3SP 
SPGR3k2D»n3SS 
SPGRlk3D*r  iN» 
SPGRSk»D*nlNS 
SPGRlktD*OSSk 
SPGR lbb0*03S7 
SPGRlb7D»D  JtS 
SPGR3kRO*03S< 
SPGRSkRD*03kD 
SPCR 17D0*n  3k 1 
SPGR 17 1 0*D IhP 
3PGR17/0*n3b3 
SPGR IT 10*n Ik* 


1201  F  OR  - A  T  ( 1 1 H  AHC  a  ,F10,t,10«,llH.GEAR  RATIO  SPGR 17«D*n 3kt 

•  / 1 1  m  CNSTO  a  , F 1 0 , t ,  10X ,  IkM. CALCULATED  CENTER  SPGR  17S0*tt 3bk 

• / 1 l —  C3N  a  , FID ,S, 30V ,  SbM. NORMAL  CIRCLE  PITCH  SPGR37kO»n3k7 

•/111  FNRA  a  ,F|0,t,S0l,  IkM. PRESSURE  ANGLE  (DEG,)  SPGR1770*"3k* 

•  /llM  F  xRA  a  , FID, t, 101,  !kM.„OR«JNG  PRESSURE  ANGLE  (DFG, )  S»GR37S0*nlk* 

« /  11  h  EB  a  , no, 3,10»,  JNm.reOUCEU  “OOULUS  (PS!,)  SPGR17ao*n  170 

•  / H h  PH  a  ,FlO,S,m,  IkM. BASF  PITCM  S»GRUno*o  17 1 

1/11*  PDx  a  ,*10,f,  10«,  IkH.DT  AME  TflAL  PITCH,  *0»»ING  SPGRIAtd*”  172 


Figure  H-2,  Listing  of  ground  spur  gear 
computer  program  (cont'd) 
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•/UN  KMC  •  .FlO.talOXa  lkH«l/Blt»  RATIO  SP6R)I(0»P3TI 

•/UN  VO  ■  ,HO,i,10X,  SP6RSB»0*OIT» 

•klH.OISTANCE  ARON  INITIAL  INTI RFERENCE  POINT  TO  PITCH  POINT  SPSRIS*0*om 

•/Un  no  a  ,P10,ta 10Xa  SPSRIStO»om 

•fcJM.OiaTANCC  PP0“  SECOND  INTERFERENCE  POINT  TO  PITCH  POINT  SP6R10k0*0lTT 

•  /UN  IA  p  ,P10,t,>OX,  IkH.PATM  OP  CONTACT  IN  APPROACH  SP0R1BT0»P1TB 

•  /UN  IAN  •  ,FlO,talOX,  1LH.INV0LUTC  PHI  AOR  (TO.  CENTERS  TO  PUP6RIR*0»nlTR 

•  #»0HTCN  CIRCLE  (RAO.)  |P6R»R0»nlin 

•  /UN  IPX  •  m.lilOA,  HH-INVOLUTI  PHI  AOR  NON.ITO,  CENTERS  TSP(RI«00»01I1 

•  a IpMO  PITCH  CIRCiC  (RAO.)  SP6R1R10»01S( 

•/UN  IR  •  aPlUaf a  SOXa  ltH.PATH  OF  CONTACT  IN  RtCCSI  )SPBRSR(0*n )•) 

tIOt  AORnAT  (/1X.18HARC  TOOTH  THU,  ARON  CHORDAL  TOOTH  THK,/  SPSRSR10»01I» 

•  *«,ItH  (DRIVER)  ,k«al»H  {DRIVEN)  8P6Ria«0»01lt 

•/Un  TPM1I  a  ,F10,tatX,  10HTGHII  a  ,P10.lat>a  SP6RlRt0*0llk 

•/llN  TPNIt  a  f9 lOafftli ) OH TOM IR  a  .AJO.I/)  SPCRIRkO*nlS7 

l(0k  FORMAT  {/Ilf Vf HOPERATING  ARC  TOOTH  THK,  AT  PITCH  01AHETER/  SP0RSRTO»OlSS 

•  II.IAH  (DRIVER)  akX#l»M  (ORIVEN)  |PGR1RR0*0TI* 

•  /Un  TPMAI  a  #A)Oai#EKi  10NTGMAX  a  ,»10,t,5»,  IH.MAXIMUM  IPGR1RR0P01R0 

•  /Un  TPMIN  a  ,AlO,t,S»,  J0HTG“IN  a  ,P10,tatXa  IH.MINIMUM  RP6RR000»0lRl 

•  /Un  Pk  a  .Ain.f (tK.lOMGK  ■  aFlO.S.SX,  8P6R»010*0»R( 

•  kOH.ANBLC  PROM  ORIGIN  OA  INVOLUTE  TO  CENTER  LINE  OA  TOOTH  (RAD)SPBR*0(0»OSRI 

•  )  8PGR«OIO»01R* 

11(7  FORMAT  (1HI// It XatSH INPUT  VARIABLES  FOR  SPECIPIEO  LOOPS  AND  SECTIOSPBRtOtOanlRS 

•  NS/ZUalONVARIABLES  USED  IN,,,  RPMP  LOOP  SP6R«0(0»OtRb 

•  /UN  RPMP  a  ,A10.f«!0«a  lkHaRPM  DRIVER  SP6R*0N0*01R7 


•> 

UPS  FORMAT  ( 

•  UN  RINC 

•  /Un  RANK 
•) 

U*0  FORMAT  ( 

•  /UN  HORSES 
•) 

U«1  FORMAT  ( 

•  11“  OMP 
a/l 1m  NPM 

•) 


a  a AlOaCa I0X#  INHmRPH  DRIVER  INCREMENT 
■  aAlQaEilOVa  JNH.RPM  ORIVER  MAXIMUM 


a  a  A  10.1# 10X|  IbHaHORStPONER 


•  a  A  10a ta lOXa  JtHaHORSEPORER  INCREMENT 
■  a  A 10aS*  EOT  a  lkH. MAXIMUM  HORSEPOMER 


ll*k  FORMAT  I/I1N  PI  ■  aAlO.takXalOHP*  a  aAlO.t) 

11 V T  FORMAT  (  UN  El  a  ,Aioa|,tX,10NCt  a  ,A1D,S) 

Utt  FORMAT  ( 

•  IX.lkH  (ORIVER)  akXalRH  (DRIVEN) 

•  /Un  AP  a  a  A  lO.tatXa  10HA6  a  ,A10,l,t«, 

•  kOHaTHICKNESS  OF  RtN  BCLOH  ROOT 

•/1IH  PEP  a  aP10,»atX,10MPEB  •  aA10,fafXa  IIHmPITCH  ERROR 

'/U«  PMI  a  ,Al0.«aSX,10H6HI  a  ,A10,t,tX, 

•  kOHaMAII  MOMENT  OA  INERTIA  (LOaOCCaSS.IN, ! 

•/1IN  NAT(l)  a  .AlOafalOX,  IkH-lST  NATURAL  FREOUINCVfRPM) 

*/ U H  NAT (I)  a  .AtOaP.IOX.  IkH-IND  NATURAL  ARIOUtNCT(RPM) 

•  /UN  NAT ( I)  a  ,Ain,P,»0Xa  lkH-IRO  NATURAL  PREOUENCV(RPN) 


•) 


1 IbO  FORMAT  { 

•/UN  AR1  a  ,FR, 1,101,  SOHaCONSTANT  FRICTION  FACTOR 

•/UN  PR(  a  ,PR,a,101,  IOH*VARIAILE  FRICTION  FACTOR 

•/UN  TCON  a  ,FR,1,10X.  10H.TEHP  DIFFERENCE  FACTOR 
•/UN  TEMP  a  .pa.l.iox.  SOHmOIL  JET  TEMPERATUREaP 

•) 

Iflt  FORMAT  (lHl//////TXaCHMP,lFXatHMGallSa<HTPallXaEHTSallX,«HFPCOa 

•  UXalMPGCO/) 

1(10  FORMAT  (lHl///li,|AT,A13//FU,CallH  a  HORSEPOMER/  All, (a 

•  lkH  a  RPM  DRIVER  /  Fll,(,tH  a  aN) 

1(11  FORMAT  (|Hl///lXalATaA10//FllaEf  UH  ■  HORSEPONlR/FllaAa 

•  IfcM  a  aPM  ORIVER  /Fll.SatH  a  nn/ 


SP6R«OTO»OSMS 
8PGR*080*0SR* 
»PGR*ORO»O*00 
SP6R»100*0»01 
SPGR» 110*0*01 
SPGR* 1(0*010 I 
BPBR*110*0»0» 
SP6R«l«0*a»0t 
SPOR*llO»D*Db 


SPOR*lTO*D»OS 
BPBR»1BO*0«0* 
SPGR*lRD*n»lo 
SPGR»(00*0*U 
•P6R*((0»0«1E 
BPGRa(10»0VH 
§PBR*(ao*oai» 
SPCR4(S0*Q»lt 
|POR»(bO*0*lk 
SP6R*(TO»0*1T 
•PCR«(B0*0»1S 
SPSR»(R0*0»1R 
SPGRai00*r»(0 
SPGRailO«0*(l 
SP6R*1>0*0«(( 
SPGRt 110*01(1 
|PSR»1S0*0*I» 
SPBR«lSO«0*(t 
SPGRNlb0»0*(k 
SPGR»1»0*0»(» 
SPOR*  IR0*0I(S 
SPGR*  1R0*0*(R 
8PGR*»00*D»10 

BPBRMI0*0»l( 
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•  pn.t.T*  ■  ts,f/mi,9,i«h  ■  pmea*,»/sec)  spc*ooto*o»j9 

1*10  F0**AT  (///»«, 2A10,11I,»A10/1«, 7110/1  SPG**9k0*O9lfc 

1**0  F0*«AT  (JX,fAt»,S(H,H,9>)  1PCR9070*0*»T 

ini  po»»at  (u,tM>)i<,MiirMii><eiolMiirT,o,(i,H,«,u,it,i, 

•  It, (0,1) 

i*(o  por-at  (///o«,«i,mn/)  ip6R9soo»oo*o 

$P6R0ll0»0k*t 

TOO  CONTINUE  SPGR99*0*090* 

(00  tPGRotmooos 

SUBROUTINE  LOVROL  {*Oll*AV,DPSP,OPSC,*)(PO,HOO,  LOV*0000*0900 

•  LOVR0010*0009 

OI*fNSION  *OLL»*Y(«»">*>,TDP(00>,  OF1P(R*N),OFSG(K**>,PMP()0),  LOVR0O(O*O99fc 

•  PNt<SO>,*«(00),PRHOD(00),*XPO(RRH,»),OPP(00),DP6(90)  LOVROOIO*0007 

OATa  !«*, I*0,I*»,I*fc  /OH  *  *j  , OM  a  P*  , OM  ■  (1  ,  L0VR0090»0«ol 

•  OH  ■  ft  /  tOVROOf 0*0000 

C 0**00  JA,JS,JC,JD,«A*P,PI,AN,«N.AP*P,L0U,1IN,ANP,ANC,D»P,0SG,  LDV*OOfcO*OOSO 

•  nOOSG.CNSTO, PEP, PCS, ALPHA, OPA, PI, P*,IXT,»ET  LOVR0070*0091 

*0*0*0  LOvPOOS 0*099* 

*1R<1*J0*1  LOVRBOOO*flOll 

JaO  L0V*0100»0OfO 

■OU**0,  LOVROl 10*0999 

LOVRni* o»099 fc 

CALCULATE  DEPLECM0NS,  OPP(t)  /G(I)  AND  TOTAL  OEPLECTIONS  T0PL0VR01 S0*00k7 

LOVR0l*O*n*»» 

00  9  1*1, JO  L0v*01t0»n*90 

OF»(I>*OF*P(I)*«N  Lnv*01kO»OOkO 

0*9(l)*0t(«(!)**N  LOV*01T0»nOkl 

TOF(I)*OPP<l)«OPG(l)  L0V»01t0*OOk* 

9  CONTINUE  LOVR01*0*0»kl 

*001*ICATI0N(  (N)*NOR*Al  CONTACT  LDVRO*0O*O*kO 

*00*0  NO  *001* I C  AT  I  ON  L0y*0*10»00fc9 

*00*1  *00t*T  BEAR  ANO  PINION  TIP  L0V*0**0»00kfc 

*0D*(  *00t*r  PINION  TIP  AND  ROOT  LOVRO* J0*OOfcT 

*00*1  “OOIFy  BEAR  TIP  AND  ROOT  L0v*02*0»n0kR 

LPVRO*90»n*fcR 

P*6( I )  TIP  *OOI*ICATIONI,  A*C  (N)  LnvRO»kO*0*70 

P*P(I)  ROOT  MODIFICATIONS,  9*0  (N)  LOVRO*TO*no»l 

(PMP(I)  11  *00,  *0*  ANBLl  ONf  RABf  PITCH  ANAY  PRO*  L 0w*0*«0»n» 7* 

ANCLE  WHERE  P*6 ( I )  It  DETERMINED)  L0V*0**0*n*79 

L*,Ll  POINTER!  TO  POLLRAV,  PIN,  ANCLES  (COL  1)  SEAR  (COL  ()LOVRO]00»n*T* 

LOVR0110*n*T9 

GENERAL  EQUATIONS, ,,  P*S(I)  i  *!*((  E>  *EI)/(EA*ED)  LDVR01P0*n*7k 

p*p(i:  •  p*«((  ey  *(i)/(Eo*Et))  Loy*oiio*r*7» 

MOOiriCATION  * AL TORS ,  Pl,P*,fl,E*  ARE  GIVEN  LOVR01*0»00 71 

PI  •  *001* (CATION  AT  START  0*  CONTACT  l OVRDI90*0OTR 

El  *  CORRESPONDING  ROLL  ANCLE  LDVROSkO*OOSO 

P*  <  MODIFICATION  AT  END  0*  CONTACT  LOVRO«70»notl 

E*  *  CORRESPONDING  ROLL  ANGLE  lDVRO»iO*nOR* 

Ex  •  ROLL  ANGLES  A*C  (N)  LOVRPIRn*no*l 

EY  •  ROLL  ANCLES  0*0  (N)  LOVROOOO»n*P* 

EA  •  SEAR  OR  PINION  ANGLES  AT  POINT  *A*  ,  IBCP.CRCG  LOVRni  |0*o0«9 

EO  •  GEAR  OR  PINION  ANGLES  AT  POINT  *0*  ,  EECP.EECB  LOVROOlO»n*Sfc 

J  POINTS  TO  ANGLES  ONE  SASE  PITCH  AMAY  PRO*  *1*  lOVROO  10*0017 

LOV*nooo*okM 

11*1  LDVR«»90*f)0»* 

TOPES  •  TOP(JS)  LOyRO»kO*0*RO 

I*  (*00,EO,0)  GO  TO  70  LOVROO 70*00*1 

Ll*f  LPV»00*0*0*»* 

l**i  lpv»oo*o*o**i 

I*  (*00,10,1)  L**l  LOVR0900*0**0 

IP  (“00, EG,*)  L1RI  L0VR0910*0**9 

IP  (RAMP, (G,*l  GO  TO  *9  LDV*n9*0*0*«k 
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<0  f»  ■  ROLLRAVtJA.Ll) 

(D  ■  ROLLRAXJD.LI) 

(I  U«*I1 

•rite  <lou,4oo> 

400  FORMAT  <FU,0,A4,0*,F11,»,A4/Fll, l.*R»»*. m.I.M) 

c 

C  CALCULATE  MODIFICATION! 

c 

*fc  j*Jo*i 

00  10  I*liJC 
JaJ*i 

E*aR0LL»4V(I,ll> 

fy»*ot.Lo*y(j.i*) 

FMO(I)  •  01  *  <(EX«(l)/(tA.El)) 
fmfu)  *  •(  .  ((Ev*et>/<fD*(l)) 

IF(FMG(1),LT,0.0>  FNC<1>*0,0 
IF(FMF(|),lT,0.0)  FMF(|)a0,0 
JO  CONTINUE 
JaJa*t 

IF  (MOO, (0,1)  00  TO  to 

c 

C  CALCUL*TF  A  LOAD  VS  ROLL  ANCLE  FOR  MARI  *ITM  TOOTH  MODJF, 
c  THAT  are  ONE  (Air  FITCH  ARART 

C  FOR  MOO* I  AND  HOOF# 

C 

$0  DO  ft  1*1, JC 
J*J»1 

*1(1)  *  *N*( (TDF( J)*F*F( 1)fFMC(|))/{TDF (I)4T0F(J))) 

*XJ)  *  NN.FXI) 

IF  (*X(I),UT,0,)  MARAJFl 
IF  (*XJ).LT.O.)  maRKIfHARKLI 
tt  CONTINUE 
CO  TO  10 

c 

C  FOR  H00F1 

C 

bO  DO  bf  1*1, JC 
JFJ«1 

**(  T )  *  *N*({T0F{J)«FNC(I)«FMF(I))/{TDF(1)*TDF(J))) 

««(j)  f  **•*«(!) 

IF  (*X  I ) ,LT,0, )  MARRl*! 

IF  («XJ).L»,0.)  HARRlFMARRlFt 
*0  CONTINUE 
r.0  TO  00 

c 

C  CALCULATE  A  10A0  y«  ROLL  ANCLE  FOR  CCARO  *ITH  NO  MODIFICATION! 
C  that  are  one  OAli  FITCH  AFART 

e 

c 

TO  JFJ».1 

oo  IS  1*1, #c 

JFJ,( 

*1(1)  ■  »N»  ( TOF  ( J)  /  ( TDF  (  IIfTDF  (■)))) 

*((J)  a  fNffXI) 

IF  (*X  1 )  ,LT  .0, )  MARRlal 
IF  (fXJT.LT. 0.)  MARK|*MAR*l«t 
»t  CONTINUE 

c 

c  CALCULATE  load  VI  ROLL  ANILE  FOR  ALL  ANCLtl  OF 
C  UNCLE  TOOT*  CONTACT 
C 

SO  *1*JC»1 


L0VR001I*0*47 

L0VR00*0*0«RI 

L0VR00I0*0444 
LOVROtbO*Ot|S 
LOVROI 70*0001 
LOVROOOO*OOOI 
LOVRO«RO»OIOI 
LOVRObOO*OlO* 
LOVROblOaolOO 

LOVROb 10*0007 
LOVRObRObOOOR 


L0VROb70»0011 
L0VR0bl0»(lt)f 
LOVROb40*OtU 
LOVR0700*001* 
L0VR0710»0010 
LOVR07IO*001b 
LOVR07IO*0017 
LOVR07*0»OtlS 
L0VRO7t0»O«l« 
ldv*o;*o»ooio 
LDVR0770»00I1 
LOVRO 710*001! 
LDVRO 740*0011 
LOVROIOO»Oll* 
LOVROIlOaOWO 
L0VR0«!0»nt!b 
L0VR0IS0*00!7 
L0VR0040*0tf 0 
LOVROIOO*OOt4 
LDVROIbOaotlO 
L0VROI70*otll 
LOV»nioo*nti» 
L0VR0I4 0*0071 
LDVR0400*nll* 
L0VR04 10*0010 
L0VR04! D*00lb 
L0VR04I0»P017 
L0VR044 0*0011 
LDVR0400»nOI4 
LOVR04b0»014O 
LOVR04 70*0041 
LDVR04l0*nl4! 
L0VR0440*0l»l 
LOVR 1000*0044 
L0VR1010»D|40 
LOVRIOf 0»004b 
L0VR1010»0O47 
LOVR1040»0040 
LOV*100C*0044 
L0VR10b0»00C0 
L0VR1070*0O01 
LOVR 1000*004! 
LDVRI04 0*0001 
LOVRllOOkOOO* 
LOVR1HO»OGOC 
LOVRilf 0*000b 
L0VR1 110*0007 
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R(ajO«| 

DO  II  IMIi'l 
■I(|)  ■  W 
PQ-ODd  )a0, 

•«  COMTIMUC 

ip  («oo. (*.01  eo 

JaJ*»l 

00  «*  1*1, JC 
JaJ«l 

PQMO0d)*P*6(i) 
PaMOO(J)aP«Pd) 
at  coMrtMuc 
lit  -am  aou.ioot) 
oo  no  1*1, JO 
■am  aou,  loon 

• 

110  CONTINUC 

I F  (-00.61.0)  60 

ioo  -am  aou,  iooo) 

00  100  J*t,J0 

■am  (lou,  loon 


TO  100 


!,{aoua*v(i,J)«Jai»*>«  oppii),  of6(i>,tdf(I), 
■«d),  aa-ood) 

to  rot 


i,(»oiLa»»(i,j),jai,»),  orau),  dp6(I>,tof'I), 
■id) 


ioo  comtimuc 

1000  FOO-AT  (///?»,  I*H00LL  AMSLIO, 101, llMOEPLiCYIOMI,  IQl.tHTOTAL, 
*»*.»HLO»o/t«,tMDaivft,«,fcHoaiviN,7*,LHoaiv<a,u,*Hoaiv(a,i«, 
*llMB(FL(CTIONt,l«,l*POOCC'> 

tool  format  (ii,u,  ii,Ft,t,ix,Ft,i,)(tx,(a,i), ii.fi.d 

1001  foomat  (ti.it  ,ti,Ft,t,ti,Fi,r,i'ax,Ea,)),tx,Fi,i,tx,(a,i) 
loot  FOBaAT  (///7l, lanOOLL  AM6lll,10X,llMD(FLCCT!ON(,10X,lMTOTAl, 

•  7i,«HLO«o/ki,aNOaiv(a.ii,feMoamN,7i,kHDaivea,ti,tNoaivea,ti, 
•llHO(PLICT!Oai,ll,tHFOaef  ,0l,llMM00:Fie*T10NI/) 
tot  if  (HaaKt,io,o,*N0,a«aii,6T,jD)  eo  to  tao 
til  IF  (MAaRl.CT.JA.OB.MAORl.lT.JO)  10  TO  tlO 
■II*a,OOOt«W 
IF  (-*001,(0,0)  60  TO  HO 

ip  (••i(«iu*)),6T,aiza)  eo  to  no 

IP  (MARR1.6T.J0)  60  TO  lit 
It 0  IF  (*■((■!( JO) ),6T, *110)  SO  TO  no 
■l(JO)aO, 

IF  (M*aRl,(6.01  60  TO  tao 

tit  ■!( JA)aQ, 

CO  TO  tao 
no  *«-aaK*Mp«t 

IP  (MAORI, IQ, 0)  60  TO  til 
IP  (MAORl.ST.IlT/t)  00  TO  (10 
FPlaaOLia*Y(M**Rl,i)  •  AN 
(a  ■  aoLLatv(-iaR!«i,i)*au 

Ul  a  AOO(al(a*ai | ) )  •  (IP  .|P1)/ (anMARR  1*1  )»AOI(RX(M«Ak l) ) ) 
coeaacaiagi 

IF  (M*aR|,OT,JO)  60  TO  110 
RaJOsMAORIal 

IP  (R,6T,I1T/I)  60  TO  (10 
(It  rPaaOLia*V(MARRl,l)aaM 
(PlaROUaAV  (MARK  !■! ,  I )  •(■ 

U(  a  «X(MA0R|.1)  •  ((P«(P()/(ai(MAaRi«t)*A(((Ri(MAaRt))) 

f(Cpa(P(«UI 

60  TO  1*0 

(10  -am  (LOU,  777) 

777  POAaAT  (/////alM  PAOSaAM  T(R»1NAT(|,  N(6,  LOAOO  (1CIED  UT/I) 

(TOP 

tao  00  (10  lat, JO 
■XPOd.llaant) 


Lovautokotta 

lDVAllkO*otkO 

L0VAti70*0lbl 

L07Alit0*0lkt 

Lovanaokfttki 

LOvritoOkOtka 

I0vaiin»ntfct 

LDVRlttOaotkk 

LDvaino*ntk7 

LDVRllt0»Otbt 

LOvanto*otka 

LDVRltb0»nt?0 

L0¥Rlt70*n(71 

LOV*noo»na7t 

LDvaitao»otn 

IDVailOOantl* 

lDVAl)10»OI7t 

10101110*0177 
L0v*nao*ot7i 
IOVR11IO*OI7R 
LDVRl)bO*OtOO 
LOVOl 170*010 l 
LOvaiiao»ntot 
LOvaiiao*otoi 
iovai*on»oio* 
LOvai«io»otot 
LDvaiato*ntok 
LDvaiato»oto7 
LOWS!  "10*0(00 
L0V0)M0*Olia 
L0vaiak0*ntaa 
LDvaia70*otai 
LDvaiaoo»otat 
LOvai*ao»ntai 
LDvanoo*otaa 
LD«aino»nt*t 
lovaittokotab 

107011)0*0117 

LOvaitaokotao 

LOvaittOkPtaa 

LOVRltkOkObOO 

LDvaii7o»nkOi 

Lovaitto*nkor 

LDVAltao»'kOI 

LDvaibno»pboa 

L»VRlfclO*nfcDI 

LOvaibtO»nbOb 

LOV*lklO«nkOI 

LDVAlb»0»nb00 

Lovaikto»oboa 

LOvaibko*nbin 

L0vaik70*0kll 

LOVaifcRO*nklt 

LOvaibao»oki) 

LDV*1700*0bia 

LDV*1710*0blt 

LOVai7(0*0blb 

L0vat7)0»0kl7 

lovai7io*nbia 

LDVA1710*flfcl« 

L0vai7k0»0b(0 
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-■-st  •••'/■  wiKMMMSPSMi 


MO  CONTINUE 
BETuBN 
ENO 

SUMOUtm  'MI  (OECiT  .N.T.IDIM.OEt.Ol.OS.DB.OSK.AN.NfNI, 

•  El, BN, JO, 1«IN,EC0, IBB) 

DIMENSION  DEe(NNB),T(KBB),M(KON),iDIN<KSB),T<KNB),OEt(KBa), 

*  o«{»o).*y(»o).rcoMo).o«(»o) 

DATA  HEM  /kNilM  / 

DO  to  1*1, JO 
M  ■0P/0ECM) 

EM  BA t  AN( SONY ( t ,*(!!)* *1) /IE) 
r»I  BSIN(EBA) 

»eoti)«coofE»A) 

EOT  aESI/ECOd) 

E { I )  aEOTaOGK 
OEM)  ■  OS/COStEd)) 

MW ( T >  aOy(t)*.t 

10  CONTINUE 

CALL  OUfEOUMNf 0  IT  AND  ■! AK  BN|B,,, 


Et. 


(0 


l,D».»EBt,E6«,l,T) 
(ty,T,H,lO!><.OB#lf  t.BEmI.kBb.JO) 


•  COOCE  C I >  > 


*0  CALL  it 

CALt,  BEAK 
*0  00  BO  1st, JO 
TtST(I>*l, 

OES<  J)Bl»,o/(|T«E«|».)*<(N(t  >/Ti)) 
fcO  CONTINUE 
Bf  Tt|EN 
END 

OUOBOUTINE  BEAK  <Ky,T,N,iOIM,OH,l,Y,BEM,KBB, JO) 

DIMENSION  T («•«), H(»A«), Ay («»•), ID )b(«»b), Ob («A»),ALEmA(*0) 

OUOBOUTINE  BEAK  CALCS,  THE  OIA,  OE  THE  BfAKiOT  SECTION  (Ob)  OT 
INSCBIBINO  THE  LAB6CIT  EAEAOOLA  THAT  BILL  B|T  THE  SCAB  TOOTH  IHABE, 

00  SO  Is), JO 
ALEHA(I)B.l 
DELTA  B.i 

to  V  a  SIN ( ALOHA ( 1 ) ) bBEH 

VI  a  SOBT((BEb)bb|.(v)bb|) 

T  ••  hale  CHOBD  AT  THE  BfAKCST  SECTION 

rmaiavi 

TABT(I)/(SIN(ALEHA(|))/C0S(ALEHA(1))) 

m  ..  TOOTH  HEIGHT  EAOH  HfAXEIT  SECTION  TO  yEBTCI  OE  EABASOLA 
H(I)a(By(n«T)«y 

VAEaYAB.f 

IE  (TAE.H(I))  EO.AO.IO 
to  ALEhA(I)bALEHA(I)bOELTA 
OtLTAa.lBOELTA 

IE  (,00000001>DELTA)  io,»o,»o 
10  ALEMA(I)aALEHA(I)»OELTA 
CO  TO  10 
AO  Y(sy«v 

Ob  ••  BEAKEST  SECTION  0IAH(TCB 
Da(I)aSSBT((TB)AB|A(T(I))BAt)at, 

SaATAN(H(I)/T(I)1 
«at,|TOTAkll>« 

XOIMb  1  DIMENSION 
ioiB(i)aT(i)B(tiN(«)/cos(ai) 
to  CONTINUE 
BETuBN 
ENO 

OUOBOUTINE  IY  ( 0», 0*. BE* I ,E8K, I, Y) 


LOyBtllOBOktt 

L0VB1 TSONOktt 
LOT*) TAOBObf  « 
EMI  OOOOBOOiA 
EMI  OtlOBQfcSt 
EH|  OOtOBOhtk 
Eh I  0010*0011 
EHI  DOAOBOktS 
EMI  OOtOBOktA 
EHI  OOkOBOkSO 
EH I  Q010»ObSt 
ehi  notOBOktt 

EHI  OONOBOA11 
EHI  OtOOBOkSA 
EHI  OltOBOklt 
EHI  OttOBOklk 
EHI  OtSOBOkt! 
EMI  OtAOBOkli 
EHI  0)t0»0klN 
EHI  OtkO»OkAO 
EHI  OtlO»OkAt 
EMI  01IO»OkAt 
EMI  0 ) AOBPkA S 
Ehi  OtOOBpkAA 
EHI  OttOBPkAt 
EHI  OttOBOkAk 
EHI  OtlOBPkAl 
EMI  OtAOBPkAB 
HEAKOOOOBOkAA 
BE  AKOO lOBPktO 
BEAKOOtOBPktl 
BFAKOOlOBPktt 
BEAK00AC»0kt1 
BE AKOO»0*Pk4A 
BEAKOOkO*Oktt 
HEAKOOlOBQktk 
BEAKOOSOBOktl 
BEAKOOAO»OktS 
HEAKOlOO»Okt« 
BEAKOllOBOfckO 
B|AK0l*0*0kkl 
BEAK01 lOBObbt 
NEAKOtAO»Obbl 
BEAKPltOBOkhA 
BEAKOlkO*Okbi 

BEAKOlSOBOkkl 
MtAKOlNOBObbS 
BE  AKOtOO*nbbN 
B|AK0tl0»0kl0 
BCAKOttOBOkll 

NEAKOf AO*Obll 
HCAKOItOBPblA 
HEAKOtbQBOklft 
NCAKOtlOBOblb 
HEAKOtSOBObll 
BEAKOtAOAPklS 
HCAKOIOOBObl* 
HEAKOllOBObSO 
BE  AK01t0*0bS 1 
IY  0000*ObSf 
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SUBROUTINE  IV  ■•CALCULATES  COORDINATES  10  CENTER  Of  FILLET  RADIUS 


B010*OfcBI 
O0»6*OkB* 
OOIO»OfcSt 

m*(or/x,)*rf «u  it  oe»o»nkBk 

MNa(OB/X.)*M  XT  ng|0»0klT 

IB  (MM)  IG.IO.W  XV  OOkSRQkSS 

10  CFRs(00/t,)/M  XV  OOXOankS* 

CFRABATAN(SSRT(l,*(CFR)a<X  )/CF»)  XV  SSS0»Ok*S 

OFFrSSST  ((N)a«l»(OB/F,)»«XJ  XV  OORO*Bfc*l 

AaOFF*RFMl  if  S|BO*nfc*X 

M)0|BBT ((*)•••♦ (OB/I, )••!)  IV  OUO*Ofc*l 

CAa(DS/S,)/Ml  IV  01X0»0k*« 

CARAFATAN(SGBT(l,*(CA)*<X)/CA)  If  01 lOaOfcRS 

ZCAa(|IN(CARl>/COS(CARA))*CIRA  If  91'0*0fc*k 

Sa(CFRA*CARA)*ICA  IT  01t0*0fcRX 

FAFRtaRGR*S  IT  01fc0*0k*B 

11  XrS!N(FABRA)*h  IT  01X0*0fc** 

VaCOS(FAFRA)*M  IT  01RQ*oX00 

oetubm  it  oiaoanvoi 

IF  iia(DB/X ,)*S|N(FSR)  IT  QFOO*OVOF 

FAFSlS(IX«RFNt)/M  ,v  0110*0109 

FAR*AaATAN(FAFSI/(SORT(l,*(FAFSI)«*E>>>  IT  0X10*090* 

CO  TO  11  IT  0X10*0X0* 

f  MO  IT  OX»0»nXfl* 

SUBBOUTIMC  ROLLING  (VO, IA,ZR,RO,OOFmA,OOGMA,FB, FXTA  RtllL"000*oXnX 

•  ,R0LL**T,*H0F,*m0C,DECF,0ECG,VS,VT  *OLL0010»OXO* 

•  , t BCF, EC CF, MARK  1, MAORI, ROM)  ROLLDOXO»nXO* 

DIMENSION  ROLLRAV (RRN, I ) ,  RHOFCRn )  ,*HOG (KR* ) ,  Vi (KRh)  ,  VT  (KRa)  ,  »0LLOO  10*0X10 

•  OE  CF  (ROM) ,  DECO  (ROM)  *OLLOO»S*nXll 

COMMON  JA,JB.JC,J0,*AMF,FI,ON,»N,OFmF,L0U,LIN,  ANF,ANG,OB*,OBG.  R0UOO*O*nXlX 

•  OODBC,  CN|TO,FEF,F(S|ALFMA,ilFA,Fl,F|,  I  XT,  BET  OOLLOOkO*nXll 

SUBROUTINE  aOLLANB  ROLLOOTOkoXl* 

C ALCUL ATEB, , 1 ,  EFBILON  00*MAX  *OLLOOBO»nXl« 

X,  ROLL  ANCLE »  ROLLOO«n*flXl* 

1,  FROFILE  CONTACT  RATIOS  ROLLDlO0»OXl X 

V,  RAOIUI  Of  CURVATUBE  fOR  EACH  ROLL  ANCLE  ROLLOl 10*rf u 

*.  SLIDING  VELOCITY  FOR  EACH  ROLL  ANCLE  *01101X0*0X1* 

k,  SUM  tELOCITT  FOR  EACH  ROLL  ANGLE  ROLLOHO*OXXO 

X,  DIAMETER  at  ENCASEMENT  CONDITIONS  FOR  EACH  ROLL  ROLL01*0*nT!l 

ancle  roll oico*n xxx 

■ETMOO  Of  CALCULATING  ROLL  ANCLES  ROLL01kO*oXXl 

1,  FOR  RAMFal  -CALCULATE  FINION  ROLL  ANCLES  AT  MAIN  F0INTSR0LL01X0*oXX» 

FOR  RAMFaf  *(ROLL  ANCLES  ARE  TO  BE  RECALCULATED  BECAUSl*0LLOll0*oXX* 

Of  A  NEGATIVE  LOAD)  •  CALCULATE  MAIN  ROLL01*o«oXXk 

FOINTS  FITM  ADJUSTMENTS  U1  AND/OR  UX  *0LL1XOn*nXXT 

X,  USING  THESE  VALUES  CALCULATE  ALL  FIN)ON  AND  GEAR  ROLL  ANGLER  *OLLOX10»oXXB 

ROLL 0X10*0 xx* 

OEf |NI T lONfl  OF  VARIABLES  FOR  SUBROUTINE  *OLL«NG  ROLLOXiO*OMO 

RAM*  a  1  ,  roll  angles  CALCULATED  FITM  NORMAL  CONDITIONS  *OLLOX»S»aXfl 

a  X  ,  ROLL  ANGLES  RECALCULATED  RITm  NORMAL  CONDITIONS  *0LLlXkO»nXlX 


AMRMA 

AMFmI 

FINION  GEAR 
FOR*A  E06MI 
EOF*!  EOCMA 
ONERS  ONFFBG 

ARRAV  DESIGNATION 
ROLlRAV  COLtl 

COL.X 

fS 

V  T 


•FROFILE  CONTACT  RATIO 
•FRCFILE  CONTACT  ratio 

•EFBILON  OS  MAX  OBITER 
•EFBILON  00  MAX  DRIVEN 
•ONE  BASE  FITCH 


•DRIVE*  ROLL  ANGLES 
•ORIVEN  SEAR  ROLL  ANCLES 
■SLIOINC  VELOCITIES 
•SUM  VELOCITIES 


(MAXIMUM) 

(MINIMUM) 


ROLLDXIOfrOXFO 
ROLLOX»B*OXfl 
*0LL"XkO*oXlX 
ROLLOXfcOkOXll 
ROLLnXXO*oXJ* 
R0LL"XSn*o»l* 
•0LLDX*D*flX|L 
*OLLBISO»i'XIX 
*0LLDJ10*»X1R 
rglldixorota* 
*0LL"990*"»*0 
R0LL01*0*oX*l 
rolls ifs*ox«x 

R0LL61L0*oX»l 

R0LL01XS»oX*a 
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•wow*** 


I 

f 


c 

PINTON  6 E*R 

ROLLOlBOPOm 

c 

DEC*  DECS  •OltNETERB  »T  ENCtGEMENT  CONDITION* 

R0L10H0PP7-N 

c 

RHOf  RHOG  ••tOlt  OP  CURVtTURE 

ROLLO»OOPU*»T 

c 

•OLLOtlOPOTNB 

e 

ROLLOTIOPOMN 

c 

ROLLOTIOpOMO 

c 

ROLLOMO»PTI1 

c 

ROLLOHOppME 

c 

ROLLO*fcO»P*H 

c 

ROLLO»TO*OT»» 

E0P»*  ■  SCRT(CD0PN*/9*P)«‘I»1,>  /rn 

ROLLOSBOPOTtl 

eocma  ■  sort (<ooo«u/o»a)*«»»i,)  /rn 

ROLLO»NO*o«k 

COP-I»(l,«(VO»NO)-*Q*T<OOC*ttOOCN**<D*C*OBG))  J/OBP 

/RN 

ROLLOIOOPOTIT 

roc-  !■(!,•( V0*P0)»S0RT (DOPP**DOPN1*(DBP*OBP)  ) )/DBG 

/RN 

ROLLOUOPOn* 

ONE*P  •  ?,»(P 8/DSP) 

ROLLOttOPOTBN 

PNENPG  ■  l,*(P6/DBG) 

•OLLOIIOPOTWO 

CO  TO  (B,10)  XtMP 

ROLLOI»0»P»kl 

c 

•OLLOSf OpoTNE 

c 

Mil*.  POINT*  (0*1  VE*  tNCLEB) 

ROLLOINOPom 

c 

0 

•0LL0ITO*on* 

c 

/tier 

R0LL0IB0P0H1 

c 

B/  *«C,  B-0  DOUBLE  TOOTH 

CONTtCT 

ROLLO»RO*07kk 

c 

/Ef*r 

ROLLOfcOO*07k7 

c 

C/  C-B  UNCLE  TOOTH 

CONTtCT 

•OlLONIO*OTNt 

c 

/EBSP 

ROLLONPo*nnt 

c 

t/ 

ROLLOklOPflTTO 

c 

EBCP 

R0LLOfc»0*O77l 

c 

•OLLOklO*o7TP 

c 

•INION  CEtR  NO,  BETPEEN  tND  INCLUOINC  POINTS,,, 

R0LL0kfc0»P7Tl 

c 

[Hi  EMC  ITT  t-C 

R0LL0k70*0»7» 

c 

E1TP  £*TC  PIT  C«S 

R0LL0kB0»077S 

c 

ENP  ENC  ITT  B>0  (ONE  BtBE  PITCH  PBOH  POINT* 

*«C> 

ROLL0kNO*O77k 

c 

R0LLO7OO*0777 

s 

FBC*  ■  (V0»Z*)  •  (OBP/I,) 

R0LL0710»P77I 

EBSP  ■  (VO«(R«PS)  /  (DSP/E,) 

R0LL07P0»077N 

EE SP  ■  EBCP*ONEBP 

ROL10710*PT«0 

cEC*  ■  EBSP*ONEBP 

ROLLO7«0»O7Bl 

ITT  ■((I,«(PB/(Zt*IR)))tfO,«, »)/*•* 

R0LL07SO»07IE 

IP  (ITT.LT.f)  ITTP1 

R0LL07k0»07ll 

ETT«PO-*«ITT»l 

»0LL0770PP7B» 

J*«l 

R0LL07tP*07»l 

JCRJt.lTT 

ROLLOTNOPPTBk 

JBPJt*JC*PT»*l 

ROLLOIOOPP7B7 

J0»JB»ITT 

R0LL0IIO»n7IB 

CO  TO  *0 

R0LL0**0»07S« 

m 

TP  (“*P« 1 ,EC, 0)  CO  TO  11 

ROLLOBlDfcPTNO 

EES*  ■  EBCP*ONEBP 

ROLLO»»0*07NI 

IE  (HtRKI.CT.JO)  00  TO  (0 

R0LL0»S0*p7R* 

is 

EBSP  ■  EECP-ONEBP 

ROLLOBkOPOTNl 

*0 

DO  10  1«1,JC 

•0LLPBTO*P7N» 

J-I-l 

ROLLOIBOPOTN* 

»PJP«J 

ROLLOBNOPpTNfc 

Enp  •  EBCP  ♦  <(EB»P»EBCP)/ITT)*J 

ROLLPNOOPP7N7 

E"C  •  (VO*PO)/(OSC/P.)  •  (EMP«(tNP/tNCJ) 

ROLL"N|0*07PB 

ENP  •  E“P  •  ONE  OP 

R0LLDR»0*p7«« 

ENG  ■  ENG  -  ONEBPC 

ROLLONIOPPTOO 

c 

•0LLO4»0*0BOl 

■OLL*tT ( 1,1) pEHP/RN 

ROLLONBO»OBOt 

■OLLR*T(I.*)pE“C/RN 

ROLLONfcOPOBO* 

»OLlP*T(«.I)pENPPRN 

ROLLORTO»OBO» 

•OLL*tT(Ril)PENC/RN 

ROLLONSOPOBO* 

10 

CONTINUE 

*0lL0N4O»PBON 

Figure  H-2.  Listing  of  ground 
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00  It  IM.KI 
JrUI 

mi  •  tan  •  ((f(iMuai/(ii<him)>,( 

EST*  •  (V0»n0)/(D|C/I ,)  •  E*TP«(ANF/ANC> 

! 

*oll»*v<«,»>fc*tf/*n 

»0LL»»T(K|I)«e»T6/*N 

if  continue 

ESCS*ROLL*AV( JA,  )  •  *N 

UNI  ■  ((UOII  )*MA«*N.FXTA))*<ANP«(EOFNA**N.FXTA)))/{I,»FI) 
UN!  ■  (UNCME8C0  •FIT!) ) «( ANFt (EECF  »FxTA) ) ) / (E ,»FI ) 
««!T!  (100, 100k)  (A0lL»AY(JA,!),tRi,l),(»OLL»AV<je,J),jRI,l), 

•  (»0tti*Y(JI, «),«■!,*),  (R0LL**T( JO, t).t»l,F), 

•  (0FM»,|0G»I,F0F«I,I0Qn»,im»m»,»mpm! 

io  rrite  (too, toot) 

00  |0  flije 
EP**0LL*AV(1,1)>RN 
EGfR0LL*AV(I,  t>**N 
RMOF(I)  ■  IF  •  (0»F/», J 
•HOO(I)  ■  (V0*NC)  •  RMOP(I) 

OECF(I)  •  IORT(C»**»*l.)  •  DOF 
0 E C c ( I )  ■  IO*T(t6**f«l})  •  0*6 

VS ( J  1  ■  (RM0F(I)«(tNF/A <S*«M0C(I)))«  (  (FI*RFNP)/10, ) 

VT  ( 1 1  F  r*M0F{I)»<ANF/ANSR*H0*(!)))R  (  (FI*RFMF)/)0,) 

•  RITE  (LOU, 100F)  I,(R0LL»»t(I.J),J*1.#).*h0F<I),*MCC(1),V*(I>. 

•  VT  C  *  I 
id  CONTINUE 

100k  FOR-AT  ( /IX , AOMROLL  ANGLE*  *T  "at11  F0|NTI,,(IN  DEGFC(I)// 
•U,FS,f,fM  l*CF,II,FS,f,SM  :*CG,»»,l»H.  BEGIN  CONTACT,  1/ 


ROLL1000»0l0» 

ROLLIOIOkOMl 

ROLLlOIOtOlOA 

ROLLIOIOkOllO 

FOLLlOkOkGlll 

FOLUOlO»Ollt 

ROLLlOkOkOIll 

*OLLIOTO*OII» 

•OLUOIOFROlt 

«oiuo«o»niifc 

FOtU100*nlj7 

*OLLiiio*n*i» 

*0LL1U0*P*1A 

FOLLll>0«0l(O 

R0LLH*0*0II1 

*OUUfO»OtI* 

ROLLllAOkOill 

Fottnmotf* 

rolluio»oi*i 

*OLLlHO*0*Ik 
•OlttIOO*OIFI 
ROLtmOFOli* 
*0LLWM*0*M 
ROLLl»0*n*IO 
*OLLl**o*n*ii 
■OLL1ESO*OR1F 
ROLLl»kO*n*H 
ROLLllTO*n*J» 
*0LLl*»0*nMl 
•niuMo»o«ik 
FOIL  1 100*01 il 
FOLllUOkOlIR 


•  l«,FfaF,tH  l«>F,«x,Ft ,I,*M  ERIS,H,I1N>  BEGIN  UNCLE  TOOTH  CONTACTROLLl»*0*OB*R 


UN,  c  (LFITC  )  / 


*OUU10»0««0 


•l>,Ff,F,fM  CfSF,«l,Ff  ,l,fH  Ef A6,TI, AiH*  END  I  INGLE  TOOTH  CONTACT,  ROLL  11*0*01*1 
•,  10H»  ( HFITC ) /  ROLUItOkOBH 

•ll,Ff,t,tH  CECF,ll,Ft,I,fH  EECS,7I,lkN.  END  CONTACT,  0/  *OLLlIkO»n*») 

*11, Ft, I,  AH  EOFMA,<ix,Ff,t,fcM  EOGFJ  ,  kl,  IBM*  00  MAX  DRIVE*/  R0LL1  170*0*1* 

•l«,Ff,2,kM  CORN  I  ,*X,Fi,f,  AM  FOCMA,kX,  IBN*  00  FAX  DRIVEN/  ROLL1)IO*OB*S 

•ll.FS.I.kM  ANFMA.i*  .Ft,i,kH  AHRmI  ,  kx , 1 1H.  PROFILE  CONTACT  RATIO)  R0LLllA0*O**fc 

1001  FO*»AT  (/////TV, 1  ENROLL  ANGLE*, tlilRHRADIUl  OF  CURVATURE, 10*.  ROLL l*00*o»1T 

•  7H8L 10!  NG,  IX ,  1HBU*/1 7X ,  KkX,  IN  VELOCITY)/  ROLLI*10*n*** 

*fx,  itHDRIVER  DRIVEN, kX.lfcMDRIVfR  DRIVEN,  *OLL1*EO*U**« 

•  kI,l(kX,BH(lN/ltC))/)  ROLL1UO*OBSO 

100R  FORMAT  (IX, It  ,lX,Ff,E,*X,FflF,»XiF7,*,|X,FT,*,kX,l(TX,FT#l))  R0LLH*0*nltl 

RETURN  ROLL11fO*nRiE 

END  ROLLl*kO*Olkl 

SUBROUTINE  FRFHE  (TI,TEMF,rXF0,F*IC,FME,RRN,JD,L1,V1,FH,E*,  FRFMOOflOROIl* 

•  FmEAV,FR1,FR(,TC0N,  JB,  JC.ROLLRAV.FHET,  JA.RFMF,  ANF)  /RFHOOlOkflSSS 

DIMENSION  FRTC  <«»•),  PHE(«Rn),»XFO(R»R.  FI  ,  VSIKRH)  ,*OLL»AVf  K»»,  I)  FRFHODFOROIf  k 
DO  |0  1*1, uu  FRFHOO)0»ORfT 

DF0RCEfNXF0(I,L1)  FRRHO  1*0*0BSR 

IF  (OFORCE.NE.O.)  CO  TO  1  FRFMOOSO*OBf R 

FRlC  (  I )R0,  FRFHDOkO»0(kO 

GO  TO  If  FRPMOOTO»Olkl 

R  RVSrDF0*CC*((aBS(VS(1)))*«(«1,/1,))  ERFMOOBOROBkE 

if(»vi,lt,»oo,*.  go  to  it  frfhoorororu 

f R I C  C  l  >  rFRi  FRFMDIOOoOlkR 

GO  TO  IS  FRFMI)HO*OBH 

IS  FRIC(I)*FRF*(FVS*«(*,»On  FRFHOlEOkOlkk 

VS  fh|  f  I )  *FRIC  ( I  *  iDFQRCE* ABB  lV*(l))/RIIk,  ERFhOHOkOlkF 

10  CONTINUE  FRFH0l«0»Olfc* 
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aattaa, 

JaJC»l 
00  b0  |a||j 

^MC|*ONC|a{ONi(|)aOH((|a|)) 
hO  CONtlWUi 

’HUviaPHei*(*0UOmJC'l>a||QUIMVH»'l)>/(l,*J) 

OMlrao, 

«1»JCM 

DO  90  Ia*|,ai 

aMt|aaHro*(ONI(|)»OHt<I«t) t 
>0  COM  3*U> 

^*y*aMCi*(*ou»A*cjo,n.*aui*»(Jc,i))/(i,»(»m) 

OMIiaO, 

JaJn«t 

««»J0«JB 

oo  au  |aja,j 

an*  «aOM||»(aNf(M»ONt(t»D) 

•0  COATIaul 

ONI  A  V-|aBNt  1*  ( AOLLAAT  (  JO,  i  )  ■aOLLIAT ( Jit  1))/((IK>*!«) 
FHCTa(aKlAV|tAMlAV*»aMtAV»)»Aa*/(k,tAA»a) 

AattVaaHCT*Raaa/kOa 
TSa(TCO«*l(OH(*V)>a,aOn*TCMO 
at  Tula 
tao 

luaaouTiat  Foact  (AO# Alt  COatOiatOiKt(Oi(ltFaiaatOM|N6traa«, 

•*  *sta,aATFO,aa|  H,l  f.MMFMI,  tM|a,VA,  a.aOO. IMT, TOFta) 
coavua  j*..ji.JCtJO.aAHa.ai>ak,aa,aaHa,ioutkia>Aaa,Aae>Oia.O(s. 

•  anoaStCatro, ata, fflt  aloha,  oaA,ai, ait  tiT.ltT 
axaaaa  at*a»  ( Aaa/aaci 

it  (aa«a,LT,aHaa>  aaaaaaaaa 
aa  a  »al/((0«a/»,).(0«a/*t)) 

««  a  .^T/((0«6/l,)t(0I6/l,) 

»•*  a  IP—QK)/(PH  M) 

ca  a  (1,/FHiaO)  •  (•.•l»06/t,)ttl/(fS»TCMl»..j))t 

•  (t./Faiaa)  •  («aa(aDa/tl)*«i/(ta*Taaii**i)) 

111  ■  (1,/F"la0)  •  ((!a*<ta*aA6)/tS)‘((Oal.<Ar.>(eaa*COI(FaNA)n* 

•  till)) 

cai  a  (it/F«iaa)  •  ((*.Mi.^»>/tF)*(<o,i/AA«(CA*«Coa(Fa*A>)>. 

•  amn 

CCla(l,/FMl«.G).(Aa6/(kaa(AS/(Caa*C0l(FaaA))»,l)*ten 
ccia(  i  t/Fa|NP)a(Aaa/(fca*(Aa/(caa«coi(FaaA))t  aii  *ta)) 

CC«cCI*CCI 

caarai.cai 

CTad«Ca«CC 

T1»|,/CT 

ieak<aooa*Hoattl/aaaa 
vKaitOia/n.i.aaaa 
i»  (aATFe.at.o.)  eo  to  to 

Talt«*l*IO*T(eTAt«l 
aATrQakO,/T 
00  10  10 
10  Takn./aATFa 
io  «a»ar»»aiox  »ai 
»»»iFfa  i)*l0F||.t»,>ai) 
too  ya(a|*oia/uai*aaMa 
araraa/iiaa(koaiv) 

Tl  a  AT/I 

IF  rTI«aIFF)  1*0, ||Oa IIP 
110  t Tao, tik/SQ*T (lat(kak*(TT*TT)l) 
bo  io  no 


aaRHiiiiaeik* 
MaHitbaaaiai 
MONiuiaiiU 
raaMatiiaam 
MaHanaaaiTi 
aafNaiiaaiia* 
aMHiaiaaom 
MaHeiiiaeayk 
1  .  am 
aaaHaa«e*aaaa 


aaiNoikBaaiao 
aRaHOITOaOlll 
aaaHotao»oau 
tai  ai 

aaaHoiio»oaak 

aaaHoiioaoaa? 


raaHOiio»naao 
raaHoiiiaoaat 
FaaHOiko»aaai 
raawoi>o»n«Ai 
raaHoiaoaoaao 
aoRCooooanaai 
FORCOOtOanlAk 
Foacooao»naaT 
FORCOOlbaaaai 
a  .  o*o*M 
Foacooto*oAoo 
aoacoDFo»naot 
Foacooao*oaoi 
roacooao«naoi 
roacoioo*nao« 

FORCOIlOtBAOl 

FOaCOllOaOAOk 

FoacouotnaoT 

FOKCoi«n»naoi 

Foacoitoanaoa 

FORCOIkOaOAlO 

Foacoiio»oait 
FORCUIOOaoat* 
Foaco* iOaoati 
FOaCOffO»nat« 
Foacotioaimi 
FOaCOIAOanAlk 
FOaCOflO»il«tT 
Foacoikumata 
FoacoiFO»naia 
Foacoiaotnaiu 
Foacoiao*naii 

F0MC0I00»IA*I 

Foacoitoauan 

Foacoiio»oa*a 

roacoiioaoaik 

Foacoi«a»naik 

FOACOIkOai'AIT 
Foacoiko*'  a#a 
Foacoi?o»naia 
Foacoiio»naio 


Figure  H-2.  Listing  of  ground  spur  g^ar 
computer  program  (cont'd) 
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Figure  H-2.  Listing  of  ground  spur  gear 
computer  program  (cont'd) 
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Figure  H-3.  Sample  ground  spur  gear  computer  printout  (cont'd) 
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Figure  H-3.  Sample  ground  spur  gear  computer  printout  (cont'd) 
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Figure  H-3.  Sample  ground  spur  gear  computer  printout  (cont'd) 
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Figure  H-3.  Sample  ground  spur  gear  computer  printout  (cc  nt'd) 
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Figure  H-3.  Sample  ground  spur  gear  computer  printout  (cont'd) 


APPENDIX  I 

HELICAL  GEAR  COMPUTER  PROGRAM 


Program  Goal 

This  program  examines  parallei-axiB  helical  gears  for  scoring 
potential.  The  analysis  follows  a  pair  of  teeth  from  the  time  that  they 
come  into  contact  until  they  disengage,  examining  the  conditions  in  the 
gear  mesh  at  many  intervals  (usually  16)  during  the  mesh  cycle. 

At  any  interval,  the  instantaneous  line  of  contact  for  which  the 
mesh  conditions  are  being  examined  is  divided  into  several  segments. 
The  number  of  segments  may  range  from  two  to  seven,  depending  upon 
the  relative  length  of  the  instantaneous  line  of  contact.  Each  segment 
is  then  considered,  for  purposes  of  analysis,  as  a  narrow  spur  gear  in 
the  normal  plane.  Loads,  velocities,  and  radii  of  curvature  are  found 
for  the  center  of  this  narrow  spur  gear,  from  which  the  instantaneous 
conjunction  surface  temperature  is  determined. 

Operating  parameters  are  calculated  on  the  basis  of  static  load. 
These  parameters  may  then  be  corrected  for  dynamic  loads  by  applying 
a  dynamic  factor,  evaluated  by  a  method  suggested  by  Tuplin.  ^3 

Program  Language  and  Computer  Type 

The  program  is  written  in  FORTRAN  IV  language  foraCDC6000 
Series  computer,  using  RUN  compiler  and  SCOPE  3.4  system. 

Input  Cards 

There  are  nine  data  cards  per  set  of  data.  Data  sets  may  be 
stacked.  The  program  contains  a  horsepower  loop,  so  the  effect 
on  the  gears  of  several  equally  spaced  horsepower  levels  may  be 
studied. 

The  program  will  handle  either  the  pinion  or  the  gear  as  the 
driving  member.  However,  the  data  must  be  put  onto  the  cards  with 
the  driver  parameters  in  the  "pinion"  categories,  regardless  of  which 
member  is  actually  the  driver. 

A  description  of  the  cards  follows.  All  units  are  in  inches 
unless  otherwise  noted. 
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Use  driver  gear  parameters  for  "pinion" 

Use  driven  gear  parameters  for  "gear" 

Word  Column  Symbol  _ Description 

Input  Card  1  (PRELIMINARY  INPUT  DATA) 


1 

1-10 

BDP 

Base  diameter  (pinion) 

2 

11-20 

BDG 

Base  diameter  (gear) 

3 

21-30 

BP 

i_ 

Thermal  constant  (pinion),  lb/°F-in.-sec2 

4 

31-40 

BG 

i 

Thermal  constant  (gear),  lb/°F-in.-sec2 

5 

41-50 

CTP 

Normal  circular  tooth  thickness  (pinion) 

6 

51-60 

CTG 

Normal  circular  tooth  thickness  (gear) 

7 

61-70 

EP 

Young's  modulus  (pinion) 

8 

71-80 

EG 

Young's  modulus  (gear) 

Input  Card  2 

1 

1-10 

FWP 

Face  width  (pinion) 

2 

11-20 

FWG 

Face  width  (gear) 

3 

21-30 

ODP 

Outside  diameter  (pinion) 

4 

31-40 

ODG 

Outside  diameter  (gear) 

5 

41-50 

PRP 

Poisson's  ratio  (pinion) 

6 

51-60 

PRG 

Poisson's  ratio  (gear) 

7 

61-70 

RNP 

Number  of  teeth  (pinion) 

8 

71-80 

RNG 

Number  of  teeth  (gear) 
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Description 


Tooth  height  or  whole  depth  (pinion) 
Tooth  height  or  whole  depth  (gear) 
Center  distance 
Normal  circular  pitch 
Normal  diametral  pitch 
Helix  angle,  deg. 

Normal  pressure  angle,  deg. 

Input  Card  4  (TEST  CONDITIONS) 


1 

1-10 

RPMP 

Rpm  of  pinion  (driver) 

2 

11-20 

TEMP 

Oil  jet  temperature,  °F 

3 

21-25 

IT 

Number  of  positions  of  the  line  of  con¬ 
tact  that  will  be  studied,  usually  16 

Input  Card  5 

(FRICTION  DATA) 

1 

1-10 

FR1 

Friction  factor  from  Eq.  (55),  (57), 
or  (61 ) 

(59), 

2 

11-20 

FR2 

Friction  factor  from  Eq.  (54),  (56), 
or  (60) 

(58), 

3 

21-30 

TC  ON 

Temperature  difference  factor  from 

Eq.  (69) 


Word 

Column 

Symbol 

Input  Card  3 

1 

1-10 

WDP 

2 

11-20 

WDG 

3 

21-30 

C 

4 

31-40 

CPN 

5 

41-50 

DPN 

6 

51-60 

HA 

7 

61-70 

PAN 
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Word  Column  Symbol 


Description 


Input  Card  6  (HORSEPOWER  LOOP) 


1 

1-10 

HP 

Initial  horsepower  input 

2 

11-20 

DHP 

Horsepower  increment.  If  only  one  power 
level  is  to  be  used,  this  must  be  zero 

3 

21-30 

HPM 

Maximum  horsepower.  If  only  one  power 
level  is  to  be  used,  this  must  be  zero 

Input  Card  7 

(METHOD  CARD) 

1 

1-10 

METH 

If  only  static  conditions  are  to  be  obtained, 
leave  blank;  otherwise  put  a  1  in  Col.  10 
to  calculate  a  dynamic  factor 

Input  Card  8 

If  METH  is  blank,  leave  this  card  blank; 
othe  rwise: 

1 

1-10 

AP 

Thickness  of  pinion  rim  below  the  root. 

If  pinion  is  solid,  this  dimension  will  be 
the  height  the  pinion  extends  above  the 
shaft  surface. 

2 

11-20 

AG 

Thickness  of  gear  rim  below  the  root. 

If  gear  is  solid,  this  dimension  will  be 
the  height  the  gear  extends  above  the 
shaft  surface. 

3 

21-30 

PEP 

Pitch  or  spacing  error  (pinion) 

4 

31-40 

PEG 

Pitch  or  spacing  error  (gear) 

5 

41-50 

PM  I 

Mass  moment  of  inertia  (pinion), 
lb-sec2  -in. 

6 

51-60 

PMG 

Mass  moment  of  inertia  (gear), 
lb-sec2  -in. 

7 

61  -70 

PMP 

Tip  profile  modification  (pinion) 

8 

71  -80 

PMG 

Tip  profile  modification  (gear) 
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_ Description _ 

If  METH  is  blank,  leave  this  card  blank. 

If  values  are  unknown  from  other  sources, 
leave  card  blank;  otherwise: 

Lowest  natural  frequency  of  gear  system, 
rpm 

Highest  natural  frequency  of  gear  system, 
rpm 

Natural  frequency  of  teeth  acting  as  a 
spring,  rpm 

A  sample  set  of  data  cards  for  the  helical  gear  design  and  oper¬ 
ating  conditions  given  in  Chapter  VIII,  Section  C,  is  shown  in  Figure 
1-1.  The  pinion  was  the  driver  in  this  example.  The  friction  factors 
on  Card  5  were  determined  for  plain  surfaces,  Equations  (107)  and 
(108),  with  a  composite  surface  roughness  of  33  jjin.  AA.  Card  6 
shows  that  nine  power  levels  were  run,  starting  at  600  hp,  and  increas¬ 
ing  by  100-hp  increments,  to  a  maximum  of  1400  hp.  Card  7  indicates 
that  a  dynamic  factor  was  calculated.  As  a  consequence,  Card  8  con¬ 
tains  data.  No  vibration  analysis  data  were  available,  so  Card  9 
was  left  blank. 

Computer  Program 

Figure  1-2  shows  the  listing  of  the  computer  program.  Control 
cards  are  not  included. 

Sample  Printout 

Figure  1-3  gives  the  data  printout  for  the  input  data  of  Figure 
1-1.  Results  are  shown  for  600  hp  only. 

The  first  page  of  the  printout  lists  the  input  data  for  reference 
purposes.  The  second  page  gives  some  miscellaneous  geometry 
parameters  and  a  listing  of  the  length  of  the  simultaneous  lines  of 
contact  as  the  gears  pass  through  mesh;  the  last  column  of  this  list 
is  the  sum  of  all  lines  of  contact  at  any  one  position.  The  next  three 
pages  give  the  details  of  the  behavior  in  the  gear  mesh  for  a  single 
power  level.  For  each  value  of  EFF  (designated  by  f  in  Fig.  7,  Chap. 

IV),  data  are  displayed  for  that  position  of  the  line  of  contact.  For 


Word  Column  Symbol 
Input  Card  9 


1-10  RN(  1 ) 


11-20  RN(2) 


21-30  RN(  3) 
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example,  at  EFF(3)  =  0.150,  the  instantaneous  line  of  contact  has 
been  divided  into  4  segments.  At  the  center  of  each  segment,  the  roll 
angle,  radii  of  curvature,  sliding  and  sum  velocities,  friction,  maxi¬ 
mum  Hertz  stress,  instantaneous  surface  temperature  rise,  instanta¬ 
neous  surface  temperature,  and  instantaneous  frictional  power  loss 
have  been  determined.  The  instantaneous  surface  temperature,  for 
example,  at  the  center  of  the  first  segment  is  323. 2°F,  the  maximum 
for  that  line  of  contact.  At  the  bottom  of  the  last  page,  the  natural 
frequency  of  the  tooth  pairs  as  cantilever  beams  is  given.  This  value 
should  be  well  removed  from  the  operating  speed  for  satisfactory 
dynamic  behavior.  The  dynamic  increment  and  resulting  dynamic 
factor  are  also  given. 


264 


I,’, 

h 


3.53"*5  15.73**4  **3.3  43.3  .1731  .17.’!  3 .  C't ■* 0 <  3.  Ot+Oi 


. . . . . . . . . 

■  i  i  >  i  i  i  i  in  ii  it  nun*  ii  ana  n  n  n  ■  a  m  ■  ■■  n  »aaia»aaa.iuuaaa  a  aa  a  u  a  u  a  a  a  u  aamauaaai'aianna.iaa  n 

3.500  cl.  330  4.033  17. 3303  .3  .  31.  133. 


2 


•  mini,  iiiiiiiii,iiiiiii  iiiiiiiin  iiiiiiiiiiiiiiiiiimiiiiiiiiiiiiiiiiiin 

i  i  i  i  ■  i  i  i  i  an  ii  <iunaiiartan»i<Hiiii  h  aaaaaaaaa  it  . . u  ■  ■  ■  n  n  u  ■■  a  a  a  a  a  a 

.3531  .3530  10.4.055  .3633  6.5  16.3366  33. 


•11111111111111(111  III  III  llllllllllll•llllllllll•llllllllllllllllllllllllllll 

,  t  i  .  t  l  <  i  f  a  "  »l  a  a  a  a  mi  a  a  mi  n  :•  n  a  r  n  a  b  n  b  u  a  a  B  11  a  »  a  a  a  a  a  a  a  n  a  <l  a  i'  u  u  a  »  a  a  a  rt  B  »i  BB  H  B  an  B  a  a  li  11  tl  a  a  a  a  a  a  B 

5000.  130.  lfc 


4 

linn  1 1 1  iTiiT  i  1 1 1 1 1  ii  1 1 1 1 1 1 1 1  ■  ii  1 1 1 1 1 1 1  ■  1 1 1 1 1 1 1 1 1  e  g  1 1 1 1 1 1  ii  i  ii  1 1 1 1  hi  ii  •  1 1 1 

■  i  i  i  i  i  i  i  i  a  ii  ii  a  a  a  a  ii  <i  a  a  n  n  n  a  n  a  r  a  a  a  ii  u  a  a  a  a  ii  a  a  a  ii  u  ii  «  a  a  ii  a  a  a  i  u  ii  a  i,  i  a  .  r  n  a  o  a  a  a  11  a  a  a  n  ti  a  a  a  a  it  a  a  a 

.  Olob  .  0.-33  31c.  5 

3 

1 1 1 1 1 1  i n 1 1 i i n* niii ii 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 n n n 1 1 1 1 n 1 1 1 1 1 n i n i n 1 1 1 n 1 1 1 1 1 1 1 1 

i  »  t  i  i  i  >  i  t  ■•  >  ')  i)  u  n  h  n  ii  4  a  >i  rwi  m  n  a  »  h  .i  n  t.  »  u  m  »  •  ii  a  n  n  ii  u  ii  u  «  a  ir «  mi  n  ti  u  m  u  tf  it  u  M  ii  it « ii  «•  a  it  i>  «  «  «  >i  rj  ii  t<  »  it  ii  I  n  « 

60u.  00  100.00  140U.OO 

« 

inn  '  inn  i  inn  i  mm 1 1 1 ii iiiiiiiiiiiiieiiiiiiiiiinii nil 1 1 1 fin 

i  i  i  i  i  i  i  i  i  m  i  ii  n  ri  a  a  i  a  <i  an  a  na  a  a  a  a  a  a  ii  l*  a  a  ii  a  H  a  a  a  ii  ii  mi  iia  i,  a  a  ai.  u  u  w  a  anaaunaua  a  anaa  a  a  n  n  a  a  a  'I  a  aa 

1 

7 

nnnn . . . nnnnnnnii 

i  i  i  i  i  i  i  i  i  a  a  a  ii  a  a  a  a  a  a  a  a  a  a  a  n  a  a  a  a  a .  if  it  a  n  a  a  a  a  a  .<  t?  a  a  a  a  ■>  a  a  a  i>  a  »  a  a  a  a  a  a  a  a  n  a  a  a  a  i>  a  a  a  a  n  n  a  a  a  a  a  a  a 

.640  .500  .0003  .0003  .  0343  6.3533  . 00006  .  OOOt 

iniinii  ilium  nun  i  mi  hi  iTiTiTI  nmminiinm  nun  i 

i  I  i  •  ii  »  i  i  4  >i  n  u  m  it  4  <>  .1  'i  n  n  n  n  n  n  nr  n  n  ■  i.  v  a*  »  *  n  a  «i«>m  n  «  n  « it  m  u  »  u  u  11  m  i>  mmhii  nan  •««'  «a  n  it  >!  n  u  n  n  h  ft  n« 


ItHIHIIIIIIItMIIIHIIIIIIIIIIIIHIIIIIHIIIIIIIIH  HtllHIIIHIHIIIIIHIIIIl 

*  i  i  i  i  i  >  i  i  ii  ii  n  ii  it  ii  4  ii  4  ii  n  ?•  n  ii  n  n  ii  r  .4  n  a  I*  on  m  a  ii  ■  a  ft  ii  ti  u  h  <i  n  i1 1*  n  m  >'  u  ii  m  it  m  ii  m  ii  h  ii  u  o  m  n  ■  ii  M  M  n  n  n  n  m  n  a  n  m  n  ■ 

4 

I 

i 

i 

* 

Figure  1-1.  Sample  helical  gear  computer 
program  data  cards 
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«0|»f  HELICAL  (INPUT, OUTPUT, TAPEGPlNPUT.TAPEfcPOUTPOT)  “ElIBOOO*P0Rl 

K»l  NATFO  «ILI0010*I100I 

OIMfNSION  AOLLRAV(li,l*,)k),KLRV(lt),KLFNO(lk,l),  **tl 1 00(0*000 1 

•  RN(I),METH(|)  HELI0OIO»000* 

COMMON  AG,AP,BD0,I0P,C,  CPN,CTS,CTP,C6,IP,FNS,PrP,GMI,HAN,MP,  MELISO»0»OOOS 

i  imt,in,nout,oog,panr,pog,pop,peo,pep,png,P!,pmi,pnp,rnc,  MiLloofo*osob 

I  PNPR,PRG,PRP,»NP,RPNf ,  vA,nOG,NOP»DPORCE#NN,NATPG  MELIOOkOPOOOV 

OAT  A  IS/PMGEAR/  MEL!OOTO»OOOS 

!*>■•  MEL|PBS0»000P 

NOUT«k  MELIOOPO»OO10 

JMN.J  MELIO1OOP0O11 

J»nr  meliouopoou 

J*P«J  HElI0lSO*O0ll 

JMi*  MELIO11O«0O1* 

Jvsr»  helioi»o*ooh 

JV*»k  MtLIOlk0»001k 

JP»R»  H)LIPlk0»001T 

JmEpR  MELI01 P0*n01l 

JOTnP  MEL!01BO»n01N 

JTCvlO  HEL1O1NO»PO*0 

JPHrM  HELIOf D0*P0P1 

»IR|.l»lSPEk*  MELl0<10»n0t« 

RAD) ANnPT/IRO.  MELIO<tO*nOPl 

helIOEIOppom 

helioe»o*00PS 

DEFINITIONS  OP  INPUT  VARIABLES  POP  HELICAL  SPAN  (INCH  UNIT!)  MELIOES 0*n0tfc 

use  OPIVtP  VALUES  POP  (PINION)  I  TINS  MELIORkOPnOPP 

use  OPIVIN  VALUES  pop  (CEAP)  ITEMS  HELIOiTO»nOEB 


HELlOf00*OnRP 


OOP 

■ 

■ASE  01AMETEP  (PINION) 

HELIOENDpDOID 

AOS 

■ 

■APE  OIAMETEP  (6EAP) 

HEL 10100*0011 

OP 

• 

THEPMAL  CONSTANT  (P!NION),LS,/SSRT(SEC, >!N,DEG,P 
THEPMAL  constant  (BEAR), LO,/SSPT(tre.)IN. DEO. p 

MEL10!10*00)P 

OS 

■ 

MELI01EO»00)1 

CTP 

• 

normal  CIPCULAP  TOOTH  THICKNESS 

(PINION) 

MELIOHO*001* 

CTS 

a 

NORMAL  CIRCULAR  TOOTH  THICKNESS 

(GEAR) 

HELIO JNOpoCIG 

»P 

• 

VOUNOS  MODULUS  (PINION) 

HELI0«0*P01k 

eo 

m 

TOUNOS  MODULUS  (SEpR) 

HELIO JN0*001T 

PUP 

m 

PACE  NIOTH  (PINION) 

HELI0IPD*0D1R 

PN6 

m 

PACE  PIOTH  (SEAR) 

HELIO )R0*0D1N 

OOP 

a 

OUTSIDE  OIAMETEP  (PINION) 

HELlnSNO»no*0 

006 

u 

OUTSIDE  OIAMETEP  (GEAR) 

HELI0»D0*00N1 

POP 

m 

POISSONS  RATIO  (PINION) 

NELIo*lO*nn»E 

PPG 

a 

POISSONS  PATIO  (GEAR) 

HELIO«PO*nn«] 

NNP 

a 

NUMBER  OP  PINION  lOPIVER)  TEETH 

HllI0*10*0D»» 

PNG 

a 

NUMBER  OP  GEAR  TEETH 

MEL10«»0»pn»G 

•OP 

a 

HEIGHT  OR  NMOLE  OEPTH  (PINION) 

HELIO»G'J*no»k 

■DO 

a 

HEIOHT  OR  NMOLE  DEPTH  (GEAR) 

HELIO»LO*NO»? 

C 

a 

CENTER  DISTANCE 

HELIO* TO*PO»B 

CP  N 

a 

NORMAL  CIRCULAR  PITCH 

MELIOARD»nn»N 

OPN 

a 

DIAMETRAL  PITCH,  NORMAL 

MtLIO*NO*POkO 

HA 

• 

MELK  ANGLE, 016, 

HELIosno*noil 

PAN 

a 

PRESSURE  ANGLE ,  NORMAL, OEC, 

HELIOtlO»nOGE 

oPMp 

a 

DRIVER  RPM 

MELIO«PO*OOS1 

tPmp 

a 

OIL  JET  TEMPERATURE, OEG.P 

MELI0410*00«» 

IT 

a 

increments  op  epp  (usuallt  id 

HELIOtkO*PO*i 

PP1 

a 

CONSTANT  PRICTION  PACTOR 

HILIOASO*PP«b 

P«l 

a 

VARIABLE  FRICTION  FACTOR 

MfLl"ik0*00*T 

TCON 

a 

TEMP.  DIFFERENCE  FACTOR 

HELIOSPOPOOGR 

HP 

a 

INITIAL  ROVER  LEVEL,  HP 

HELIOSSOPOOSN 

OMP 

a 

POMER  increment 

MELIOSROPPOkP 

mPM 

a 

UPPER  LIMIT  ON  mORSCPONER 

HEL  I0N00*00kl 

Mf  »M 

a 

USE0  IP  DYNAMIC  PACTOR  RES'D, 

HELIOklP*PDbE 

Figure  1-2.  Listing  of  helical  gear  computer  program 


266 


i* 

•c 

•ep 

PEG 

PN| 

CMl 

pmp 

•MG 

RN(I) 

RN(Z> 

RN( «) 

Ot»I«ITIO 

tor 

IDG 

•dp 

pDC 

Z* 

wO 

Vl 

*A 

RMI 

z» 

z 

rpn 

in 

ZD 

ze 

fr 

FMF 

TMP 

RHOP 

•  HOC 
•MO* 
RINGLP 
•INGPL 

R1NCPH 

•  (N) 


THICKNESS  OF  •  !•  8tL0»  FOOT  (PINION) 

thickness  of  pim  «flo»  root  (cr»») 

PITCH  ERROR  (PINION) 

PITCH  ERROR  (GEIR) 

HISS  MOMENT  OF  INERTII  of  PINION, LS, SEC. SO. -IN, 

■ill  MOMENT  OF  INERTII  OF  GEIR, LI, SEC, SO, .IN, 

PROFILE  hoo IFICITIOn  (PINION) 

PROFILF  HOOIF|C*TION  (GF»R) 

IONIST  IMIFT  Nit,  F»C0,|RPH 
HIGHFST  SHIFT  NIT,  FR(S,|RPH 
TOOTH  SPRING  NIT,  FRFO.iRRM 

S  OF  PRtLIHINIRT  CALCULATED  VIRUSLES  FOR  HiLICIL  GEIR 

IOOENOUH  (PINION) 

IOOCNOUH  (GFIR) 

PITCH  OIINFTER  (PINION) 

PITCH  OIIHETCR  (GFIR) 

PITH  OF  CONTICT  IN  IPPROICM 

OISTINCF  FRO“  FIRST  INTERFERENCE  POINT  TO  PITCH  POINT 

DISTINCt  FROM  FIRST  INTERFERENCE  TO  STINT  OF  CONTICT 

DISTINCI  FROM  SfCONO  INTERFERENCE  TO  STIRT  OF  CONTICT 

RISE  MELIK  INGLE 

PITH  OF  CONTICT  IN  RECEtt 

•ITh  OF  CONTICT 

NORMIL  SISE  PITCH 

TRANSVERSE  RISE  PITCH 

OISTINCF  FROM  PITCH  POINT  TO  L»RTC 

OISTINCF  FROM  PITCH  POINT  TO  HP8TC 

REDUCED  MODULUS 

FICE  CONTICT  RITIO 

TRINSVERSF  CONTICT  RITIO 

RIOlUS  OF  CURVITURE  IT  CONTICT  (PINION) 

RIOIUS  OF  CURVITURE  IT  CONTICT  (GEIR) 

EFFECTIVE  RIOIUI  OF  CURVITURE 
PINION  ROLL  INGLE 
PINION  ROLL  INGLE  TO  LRSTC 
PINION  ROLL  INGLE  TO  MPSTC 
increment  OF  OISPLICEMENT  ILONG  z 


REIO  INPUT  VIR1INLES  FOR  hElICIL  GEIR 

1  REIO  (IN, 1001)  IOP,0OC,SP,RG,CTP,CTG,EP,EG, 

•  FnP,F*G,OOP.ODG,PRP,PHG,RNP,»ng, 

•  "DP,»OG,C,CPN,OPN,HI,PIN, 

•  RPMP, TEMP, IT, 

•  FR1.FRZ.TC0N 

1001  FORmIT  (kF 1 0.1. IE  10, 1/IF  10.I/TF10.I/ZF 10.1, II/IPlO.RfF 10,1) 

IF  (I  OF, IN)  110,1 
t  «EIO  (IN, 1001)  HP.DMP.HPM 
100?  FOR-IT  ( SF 10,1) 

RtIO  (IN, 1001)  M£TM 
1001  FORmIT  ( 1 10) 

IF  (METH.NE.l)  GO  TO  1 

REIO  (IN.100R)  IP,IG,PEP,PEC,PMI,GmI,PMP,PMG,RN(1),RN(I),HN(|) 
100R  FORMIT  (IFlO,S/)Flfl,») 

1  »RITE  (NOUT , 1000) 

•RITE  (NOUT.10OS)  ROP,OOG,|P,IG,CTP,CTC,EP,EG, 

•  FMP,FM6,0DP,0DG|PRP,PRC,RNP,RN( 

100%  FORmIT  (IGK.RRMvILUES  INO  DEFINITIONS  OF  PRIMIRV  INPUT  VIRUBLES/ 
•,lkH  (INCH  UNITS  UNLEII  NOTED)/ 

•  ?>,lkH  (0R1VER)  ,k!,lRH  (DRIVEN) 


HE  L I OfcZOROOfc 1 
HEUPklil»oOk» 
HELlOkROMROkt 
HELIOktO*»Okk 
HELIOfckOMROkF 
MELinkTOMRObS 
HELIObSO»oObR 
HFLlOkROMROTO 
HEH0)00*n0»l 
MELIO»lo»nn»/ 
HELl»»?n»R071 
MELI0710MROT* 
•HELIOTROM'X'Tt 
HE  L  IPTGPkRP  Fk 
HELIO>kO»nOT> 
HELIOFFO*pn?s 
HEL10>»0*nO>« 
HE  L 1 RTROmpORO 
HELlngno»nOSl 
«EHOmO*POiZ 

he i  ioszo»pou 

HELIOS9n»nOI» 
HELIOS»V»noSt 
MELI0»S0*P0lk 
HELIOSkO»'iOST 
MElInsFOMROS* 
HEL  IOISRm'iOSR 
HELIORROkOflRO 
HELinino.nORl 
HtllORlOmORZ 
HEl IPRZ0»PPRS 
HELIORJO»nOR* 
HELI0R*0*00Rt 
HEL10RS0«-n0Rk 
HELIORkO»OORF 
HELIORTO»OORI 
HELIOMO»OORR 
HELIPRRO*olOP 
HELI10PO»niOl 
HELI1010*nlOI 
HE1110Z0*P101 
HELllDlo*oin* 
HELiio*o»mos 
HELliosn»piPk 
HELIloko*nio» 
HELIID»0*01D» 
MELI IOIOmpIOR 
HELI10RO»P110 
HELI110D*nUl 
HELI1110»Pll? 
HELIll?0»01ll 
HELimn*oii* 
HELIllROkniH 
HELIlltOknilk 
MELl)lkn»eil» 
HELUlTOMOllS 
HELllllONPllR 
HELIll*0*nlZO 
HELI1Z00MP1I1 
HELIUIORPIZI 
HELI l??0»01f I 
HELIl?TO»nlZ» 


Figure  1-2.  Listing  of  helical  gear  computer  program  (cont'd) 
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■  , FlO.I ,»X, 

■  iru.iiHi 


,Fio,i,ii, 


•  /11N  BOP  ■  ,F |Q,I,1I, 10HB0B 

•  kOH-BAIF  CIRCLE  0!»“ET£« 

•/llH  SP  •  ,FiP,I,Ix,10MB6 

•  kOH.THERMAL  CONSTANT  (LI./S0RT(IEC,)IN,0CGtF) 

•/ii«  ctp  •  ,nn,*,s«,joHCTB  •  ,Fin,i,ix, 

•  kOM-NORNAL  CIRCLE  TOOTH  THICFNEIB 

•/ItH  |»  ■  ,E10,0,SX, 10HEB  ■  ,E10,0,IX, 

•  kOH-YOUNO'S  MOOULUB,  FI], 

•/11«  FaP  a  ,FlO,*,S>,  IOhFMB 

•  IPHpMCI  HIOTH 

•/ll.  OOF  f  ,F10,|,IX,10H006 

•  kOH-OUTIIOE  DIAMETER 

•/II"  FFF  ■  , FlO.I, AX. lOMPRS  •  ,F10,t,IX, 

•  kOH-POllSON • ft  FIT  TO 

•/Un  RNP  •  , Flo, I, Si,  10HRNE  •  , F10,l, II, 

•  kON. NUMBER  OF  TEETH 
•) 

">|TE  (HOOT, 100k)  N0P,N06,C,CPN,0PN,HA,PAN,RPMP,TEMP,|T, 

•  FFl,F**,T£OH 
look  FOR-AT  ( 

•  11H  .OF  a  ,F10,f,tl,10HH0e  F  ,F 10,1, IX, 

•  kOH.HEISHT  OF  aHOLE  OCFTH 


IkH.FFM  OFtVEF 
, Flo, E, IOX,  lkH-OIL  JET  TEMPERATURE  (OEB.F) 
1QX , IkH-INCREMENTI  OF  EFF 


.FlrE  (NOUT.IOOT)  hF,OHF,HFM 
too?  FORMAT  (//Ik h  tHFUT  VARIABLES  EOF  HOFIEFOfEF  LOOP/ 

•  1 1 H  HF  ■  ,F 10, ft, SOX,  JkH.INITI»L  HOFIEFOFEF 

F/llH  OHP  a  ,F10,],10X,  IkM.NORSEPOMEP  INCREMENT 

•/llH  HFH  ■  ,F10,1,10X,  IfcHaHiXlHUH  HOFIEFOFEF 

•  ) 

HFtTE  (HOOT, 1001) 

1001  FORMAT  (//A* H  METHOD  OSEO  FOF  CALCULATING  NORMAL  FORCE-) 

T  F 1 

«fite  (nout.ioor)  l 

100F  FOF.ET  ( IX, IF, IkM  NORMAL  FOFCEf|TATIC  FORCE) 

IX 

k  IF  (HITH.NE.l)  60  TP  <0 
hFITF  (HOUT ,1010)  I 

1010  FOR-AT  (U,IF,FIH  DYNAMIC  FACTOR  CALCULATED  IT  TUPLIN  METHOD) 

HFKE  (HOUT.IOIF)  AF,AC,FEF,FE6,FMI,6HI(FHF, FM|, fn( l),FH(f),FH(l) 
101F  FQF.AT  (//*7H  Input  VARIABLES  FOR  DYNAMIC  FORCE  CALCULATION!/ 

•  FX.lkH  (DRIVER)  ,kx, ikH  (OFIVEN) 

•/Mh  AF  a  .FIO.I.IX.IOHAB  a  ,F10,I,IX, 

•  kOH.THICFNEIS  OF  RIM  BELO«  ROOT 

® / 1 1 h  PEP  a  ,F10.S,SX,10HPE6  a  ,F10,l,tX,  llH. FITCH  ERROR 

•/!  1“  »“I  ■  ,F  10, 1, lx,  10HGMI  a  , HO, I, IX, 

•  kOH-MA||  MOMENT  OF  INERTIA  (LI, ICC, IB, IN.) 

a / 1 1 m  fmf  a  , Fin,i, lx, iohFmc  a  , Flo, I, IX, 

.  kOH. PROFILE  MODIFICATION 

A/UH  RN(1)  a  .F10.I.10X,  JfcH.HT  NATURAL  FREIUINCT  (PPM) 
a  ,Fl0,F,m,  IfcH-lND  NATURAL  FREBUENCT  (RFH) 
a  ,Fin,F,]nv,  SkH-SRO  NATURAL  FREBUENCT  (RFM) 


c 

• 

,Flo,k,10X 

•/llH 

CRN 

• 

, FlO.I, JOX 

*/l  lH 

OFN 

■ 

|FlO,k,!OX 

•/UN 

HA 

■ 

, FlO.I, IOI 

•/llN 

FAN 

• 

,F  10, R,  IOX 

•/Um 

RpHp 

a 

,fio,f, jox 

•/UM 

TEMP 

■ 

,F10,F, JOX 

•/a* 

IT 

■ 

,110,  10< 

•/Un 

FR 1 

• 

, F 10, A , IOX 

•/Un 

FR/ 

■ 

,F10,A,10X 

•  / Un 

ICON 

a 

.FlO.I. IOX 

*> 

•/Un  RN(E) 
a/Uh  RN(») 


HELIlIkOkOlFI 

HELIlIIOAOlFk 

HELIlFkOki'lFT 

MEL  I If TO*"!/! 

HEUlflOkplf* 

HELIlFROkOllO 

HEL 1 1 IOO.nl II 

HELI 1 110*01  IF 

NILIllfOkOlAJ 

HE  L 1 1 110.nl  Tv 

HELUl*U»nllS 

MfLIllSOkPllk 

HEL 1 1 lbOkP I TT 

HELtH»0*nUI 

Hf L 1 1 110*01 1* 

HELI1TR0AP1 

HEL  1  1  AOOk/l  1 A  1 

HEL  T l® 10kP | AF 

HELIl*?n*ni»Y 

HELIlASOk"l»» 

NELI1AA0»p|AS 

MELIl»SO»n)»k 

HELIIAkO*nl»T 

HELI  1a7PaiU»R 

HELII»R0a.01»f 

HELI 1AR0-P150 

HELI lino-ni* l 

MELIlI10*oi»# 

HELI 1IF0AP1I) 

MELIlilO»niS* 

MELIlS*0»nlLS 

MELIHSO-nUk 

HELIlSkO»ul$T 

HELI 1S70AP1SA 

HELIlIROklllia 

HELI  lSAOAPlkO 

HELI lkOOknlkl 

HELI lfclO-nlk? 

HELI IkFOkPlfcl 

HtLllk)0»iUkA 

HELI  IkYOAnikS 

HELI IklO-Plbk 

MEL T 1 kk0-Plk7 

HELI lk70»nlkft 

HELI lklO-nl k® 

HELIlkFO*ni»o 

HELI 1700-P 1 Y  l 

HELtlMOkPPF 

HELI17F0*Pl»T 

MCII1710»"17A 

HEL I 1 TAP-p l 71 

HELI17S0*P|7k 

MELI17k0»P177 

HE L 1 1  7 70-PI 7i 

HE  L 1 17I0AP17F 

HELI17«0»rll0 

HELI 1100-0 1 1 1 

HEL  1  IIIOap  IF? 

HELIlRFOkiilPi 

HELI  UlOkPlIA 

HELIll»0*PIRI 

HELIIIIO-Pllk 


Figure  1-2.  Listing  of  helical  gear  computer  program  (cont'd) 
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•  ) 


calculations  for  helical  cm*  tut. 


<o  r«MMt«i(M*,riiC) 

MNMMMUDIt*) 

HMiNtaiotw 

P0Pa*I.(C/(l.**N6/RNP)) 

POCa*,«C.POP 

AOPafOOP.POP)/*. 

AOCatOOC-POS)/*. 

It  a  (SS*T ( (ODC*OOG).(BD6*BOC)  ).S0RT(  (P0C*P0C).(BD0*I0C) ) )  /  i, 
VO  a  IQ*T((POP*POP).(BDP*B0P))  /  (, 
v*  a  VO »/* 

MA  a  (SORI(OOC<OOC>(COCaCOC)))/(. 

BMAaa  ASIN(S1N(hAR)*C0S(PANR)) 

Z*  a  (S«*T{(OOP*OOP>.(SDP»BOP))«80»?<(PDP«POP).(BDP*SDR>))  /  (, 
Z  a  Z««Z* 

8PN  a  CRN  •  COS(PANR) 

BP?  a  PI.BOP/RNP 
ZO  a  SPT-Z* 

ZC  a  BPT-ZA 

ER  a  1,  /  (((1,*{PRP»PAP>  )/(P*((l,.(P*C«PR8))/ES>)  '*,) 

■«m  (vou?,iooo) 

■*I?i  (BOUT, 1011)  ADP,ADG,PDP,P08,BMAR,BPN,8PT,ER 


MELIllkO*nlOT 
MELIlBPO*PlBt 
MEL11II0*"1I* 
MELI18R0*’'l*l> 
MELlll"0*r>lRl 
MELIlHO*i'lR» 
MELItl*0*t'lRI 
MlLIlR10*nli* 
MELIlR10*niR» 
MELIl«0*PlRk 
NELIlRkO*HlR» 
MELtHM*"!** 
MELI1RB0*/>IH« 
MLLll*RO*r*0'' 
MeLI*000*n*01 
MELI*010*n»0* 
MEL  1*0*0*0*01 
MELI*0J0»n*0» 
MELI*0*0*0»OS 
MELISOSO*0*Ok 
MELI*0fc0*o*0» 
MEL  1*010*0*08 
MELI*0»0*0*0» 
MEL!POHO*o*10 
MELI*100*0*11 


ton  FOR-A?  (S/ISP.ihmvaluES  ABO  r>EP INITI0N8  OP  PRELIMINART  CALCULATED  mELI*110*o*1» 


, IOhVARI ABIES  / 

•  l>,ZkH(!«CM  UNITS  UNLESS  NOTEO)  / 

•  *I,lkM  (DRIVE*)  ,k*,l*M  (DRIVEN) 

• / 1 1 “  AOP  a  ,Pin,»,*«, jomaos  a  ,pio,s,ii, 

•  nOH.AOOEnOUM  (IN,) 

•/II"  POP  a  .MO.S.SX.IOMPOC  ■  .FlO.S.tX, 

•  kUM.PITCM  OTAMETEP 

•  /1)h  BMAR  a  ,Mo,k,10».  IkH-SASE  HELM  ANCLE  (RADIANS) 

•Sll.  SPN  a  , P 10, fc, SOX,  IkHaNORMAL  BASE  PITCH 

•Sllw  HPT  a  .FlO.k.lOX,  JkM. TRANSVERSE  BASE  PITCH 

•/llH  E*  a  #f 10, 1, SOX,  IIHaBCDUCCO  HOOULUS  (PCI) 

«»ITE  (NOJT.IOM)  vA,.A,Z,ZA,ZC,ZO,ZR 
LOI»  PO*«AT  ( 


HELl*  l*0*0tl I 
MEL  I* 1 10*0*  1* 

meli*i»o*o*is 

MEH*lSO*n*lk 

MELI*lkO*o*l> 

MELI»1T0*P*1* 

MELI*lBO*n*lH 

MELI*HO*n**0 

MELI**00*n**l 

MELI**LO*P*** 

)MEU***0»o**1 

MELI**10*"*P* 


•  II"  V» 

•INT  TO  START  OP  CONTACT 
p/Um  aA 


MELI**1D*0***» 

.PlO.k.lOX,  IRMaOISTANCE  PROM  FIRST  INTERFERENCE  P0MELI**«0»D**k 

MELI**fcO»n**l 

•  ,P10,fc,10X,  kOH.DlSTANCE  PROM  SECOND  INTERFERENCE  PMELI**>0*0**E 
•OINt  TO  start  OP  contact  MELIPiRO*n**H 

"Mix  Z  ■  .MO, S, 101,  IkH.PATM  OP  CONTACT  MELl**RO*n»10 

P/11M  Z«  a  , P 10 ,S, 10X ,  IkH.PATM  OP  CONTACT  IN  APPROACH  MfLI*IOO*PPJl 

a  .MO.B.lOX,  IkM.OISTANCE  PROM  PITCH  POINT  TO  MPSTC  HELItltO»OPl* 
■  .PID.S.IOX,  IkM.OISTANCE  PROM  PITCH  POINT  TO  LPSTC  MELI*  1*0*0* J» 

>MELI*110»0*1* 


* / 1 lH  ZC 
•SIlM  ZD 

•Sit*  ZA  a  ,F10,$.10X,  JOH.PATM  OP  CONTACT  IN  RECEIS 

•  RPE  (NOUT.HORO)  MELimo*nP« 

aORO  POR.AT  (S/S//S1X,»0HCALCUL*TI0NS  OP  XL  FOR  EACH  VALUE  OP  IPP/S)  MELI*lSO*n*lk 

ICAilai  MEL I*lkO»n*)7 

RANS*L  •  (V0-ZO)/(R0P/*,)/*A0IAN  MEL l*l»0»n*l« 

RANQP*  a  ( VO*ZC)S (60P/I, )/*AOI AN  MELIP IB0*0*1R 

Pmp  a  Fa  ■  TAn(hAR)/(CPN/COS(hAR))  MELI«RO*n*ao 

IMP  a  Z/(SPN/C09(HAR) )  HELW*00*n*ll 

PSIv  a  Pa.SIN(BHAR)  HELI**10«0*** 

PCOS  a  Pa  •  COS(SHAR)  MELICl*0*0t*S 

ZCC9  ■  Z  *COS(BMAR)  MELIPa 10*0*1* 

IP  (Z.LT.PSIN)  ICASEaICAIE*l  MELI***0*0» *1 

C  MELI**S0*O**k 

C  BCPINITIONS  PO*  T  LOOP  VARIABLES  MELI»lfcO*OI*» 

C  ePP  a  INDEPENDENT  VARIABLE  MELIflT0*O(*S 


Figure  1-2.  Listing  of  helical  gear  computer  program  (cont'd) 
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c 

c 

c 

c 

c 

c 

c 

c 


e 

c 


c 

c 

c 


c 

c 

c 


c 

c 

c 


c 

c 

c 


dr r  kill  bj  inchehinteo  b»  dee  and  r  it  times 
•hebe  T>o,.(uf«n) 

■  LAV  *  A**AV  THAT  STONES  VALUES  Of  >L 
SETA  a  InCHEmEnt  or  BAN 

binc  a  positive  and  NccATivr  increment  or  beta 

■  BETA  a  UPPE  H  ANO  LONE*  LI-ITS  Of  BETA 

TEST  EO*  The  NO,  Or  !NC*(HENTS  0*  B*N 

BETAaO, 

tEST»0, 

10  SETAaSfTAH, 

TESTaoa*HETA<gPN 

If  (TEBT.CT.CCOSAf  SIN))  SO  TO  i* 

CO  TO  10 
IS  >Sf TlaBETA.l, 

OEf  a  (K0SAf31N)/UT«l) 

STA»T  T  LOO* 

no  no  L«i>n 

1X1*0 

BETAaO, 

niNc*i, 

*,  choose  r 

tl«l 

T*Tl*I. 

EfEaOEfoT 

VS  CO  TO  (SO, SSI  ICASf 

B,  (CASE  i> 

SO  AOaq, 

AlarSIN 

AEajCOB 

A1A|*A1«AE 

CO  TO  NO 

S.  (CASE  II) 

SS  AO*fl, 

»l*!C08 

AlavSJN 

A|A«aAl»A| 

NO  1  r  (EPP.CT.AO.AND.efr .LT.A1AE)  CO  TO  bE 
*L*0. 

CO  TO  70 

ne  if  (Err.sT.Aii  co  to  n* 

XL  a  Effa((ia/TAN(BHA*n«TAN(BHA*)) 

CO  TO  70 

N*  If  (Eff ,CT.A*.0».Eff .EQ.AE)  CO  TO  NN 
If  (ICASE.fO.E)  CO  TO  NS 

XL  a  fw  •  (COS(BHAN)a<SIN(BMAP>»TAN(BHAR>)) 

CO  TO  70 

NS  XL  a  E*(SIN(8HA*)«(C0S(BHA*)A(l,/TAN(BHA*)))) 

CO  TO  70 

NN  XL  a  fN  •  (COS(BHA*)«8IN(BHA*)ATAN(gHA*))A(It(SIN(l)HA*)»COS(BHAR) 
l  *(l,/TAN(BHA*))A)"(Eff*(T  AN  (BH  A*  )A(Ia/TAN(NHAR>))) 

C.  STORE  VALUE  Of  XL 


HEL 

MEL 

HEL 

HEL 

HEL 

HEL 

HEL 

HEL 

HEL 

HEL 

HEL 

HEL 

HI  l 

MEL 

HEL 

HEL 

HEL 

HEL 

HEL 

"EL 

HEL 

HEL 

HEL 

HEL 

»EL 

HEL 

-EL 

HEL 

hEL 

Hfl 

»el 

HEL 
HEL 
HEL 
HEL 
HEL 
Hfl 
Hft 
HE  l 
“EL 
HEL 
“EL 
Hfl 
*.EL 
“EL 
“EL 
HEL 
“EL 
“EL 
“EL 
“EL 
“EL 
HEL 
HEL 
“EL 
“EL 
Hfl 
“El 
“El 
HEL 
“EL 
“EL 


EnSO*pE*b 
EVBOA-nESO 
ESOO-PESl 
ES10*nESE 
EliOXlES) 
ESJO»PES* 
ESVO*OESS 
ESSOAOfNN 
ISN0»0iN7 
ES70*nESA 
.SIOa-OENB 
ESBO»nENn 
ENOONnfNl 
ENIOa-qENE 
ENEO»nfNJ 
ENSOaPENV 
ENVOa-pENS 
ENSOvnf NN 
Ehb0*0EN7 
EN7n»n?b« 
EN«n»n*kv 
ENBOA.nE?P 
E700»PE71 
E7lO*OE 7E 
E7E0»PE 71 
E  7  10NnE  7V 
STVOa-pE  7S 
E7S0*nE 7N 
E7N0A-PE  77 
E770*PE7* 
E7S0*-"E7B 
E7B0*nEBU 
EIOn*nEi] 
EBlOarEBE 
E8*0»PER1 
E*10»nEB« 
ESV0TT.E8S 
ESSPni'EBN 
EBN0NOEB7 

ES7D»nE«| 
EBIOanEIV 
ESBOA-nEBO 
EvnONPEBl 
EV|p»nEVE 
EVEO*nfvi 
EBIOa-OEB* 
EBVOnpE BN 
EBS0*n*BN 
EBN0N0EB7 
EB70*PEB* 
EBSOA-pEBB 
EBB0AP1P0 

jpno»p*01 

>niOA-n»OE 
10EP*OJ01 
in  U'A’Piov 
|pvp*n»0S 
1050NH  30N 
10N0»(H0T 
3070*010* 
30SONP3P* 
3PB0*r310 


Figure  1-2.  Listing  of  helical  gear  computer  program  (cont'd) 


270 


>0  IHilKtl 

HELI 1100*0X11 

«l»*U»L>  RXL 

HELIU  10»nll» 

IF  (BETA.NE. 0.)  60  TO  101 

HELIUBORMH 

c 

HELmv**nll» 

c 

0,  EVALUATE  «L  AGAINST  t a ,  AN0  CHOOIt  ARRR00RIATE  K 

"ELI  Al»0*0«% 

c 

N  HOST  01  AN  EVEN  no. 

“EL  TH»0*Ollk 

c 

MEL  I IINOrh  J | T 

MKlI 

HELUl»0*nHB 

«•! 

HELIIlBOROllS 

««•!! 

HELI 1lSO*n1EO 

IF  <«L.LT,(FN/S.I)  ANNAN 

HEL  I  If  00»MB1 

IF  <»L.GT,(Fn/R,))  naaa 

HEL I If lOknlF# 

c 

“ELI  Iff 0*n 1*1 

c 

E,  CALCULATE  m0,h,h<n) 

HELM*»0*rlF» 

c 

HELIlESO»nm 

•0  ho  A  (tFF.FH«SIN(BMAR))/C0t (OMAR) 

“ELHfkONOlfk 

IF  (HO.LT.N.I  H0*0. 

HELI If kO*P  TFT 

m  Af  FF /COSIOHAR ) 

HfLIH»0*nlf8 

IF  (H.GT.I)  ha* 

HELI1>B0»><»R 

NBRR/E 

HCLIl(*0»n})v 

00  AS  Nll.Kf 

HEL I llOOsnlAl 

NNRN*1 

“ELI1110*nilf 

h<  ■  h0*((h«H0)/N)a(IaNN»1) 

HELIHRO»rTH 

t 

HELI1110»n]ls 

c 

f.  calculate  FOR  EACH  value  OF  H(N).,,, 

HELI)lRO*nm 

c 

HFLimo«nm 

RANOLR  •  (VA»HN)/(8DB/*.) 

HELI SlfcOsnllF 

RHOR  R  ( 1 ./COB (BHAR ) )»CVA«HN) 

HELI 1J»0R"1I» 

RHOC  ■  <1,/COB<BhAR))a(aA»HN) 

HELniRO»rlJR 

VR  •  RHOR«RR“R»(RI/J0,) 

HF.LIllSO»l'T*n 

vr.  ■  RhOGaRRhR* (RNR/*NO}*(RI /  in. I 

HELI lS00«nl«l 

V1RABS(VR»VG) 

HE  L 1 3* 10»nl»F 

VTRyBsVC 

HELU»fO»nl»l 

c 

HELI IRIOROIS* 

c 

C.  STORE 

HELIlRSO*nl»L 

c 

HELI ISGONnJSL 

ROLlRA'IN.JMN.L)  r  hn 

HELU»LO*OA«» 

»oll»a*(n.j»n,l>  •  ranclr/Radian 

HELIl*FO»n)«B 

ROLL»A*(n,JRR,L)  ■  RHOR 

HELI IRBOrOTss 

ROLlRAV(N,JRG.L)  ■  RHOG 

HELI l«RO*n ISO 

roll»a*(n,jvs.l)  r  v» 

HCLimomlSl 

ROlLRAV(N,JVT,L)  r  vt 

HELimO*n«» 

SO  CONTINUE 

HE  L 1 ISBORPISS 

XLFnOU.IIRN* 

HELI1510*niS» 

*LFN0(L.*)REFF 

HELHS»0»0H« 

*LFnO(L.*)R«L 

HELI JSSO»nllk 

c 

HfLISSkO»OA%» 

c 

h,  calculate  a  ner  eff 

“ELI tsforoisb 

c 

HELI»SB0*P1S» 

10%  IF  (XHCTA.EO.0ETA)  go  TO  in> 

“ELI ASSOROSkO 

ION  BETAR0ETA«SINC 

HELI JfcOOA"JNl 

EFF  ■  <Lf  «in(L,/)4Bf  TAA0PN 

HELIlk|0»oThf 

GO  TP  LO 

HEL Ilkf ORPlkl 

10>  IF  (XSFTA.LT.O.)  go  to  110 

HELIlblO»nlkS 

01NCR-SINC 

HELIlk»0*OHS 

oetaro. 

HELIlkSOkOJhk 

XHCTAr-xBCTA 

HELIlkfcO*Olk» 

GO  TO  10k 

HEL l lfcT0*0 IbS 

t 

MELIBkBO»nlk* 

c 

I.  TOTAL  all  >ls 

HFLIlkROROlFP 

c 

HELI IFOOrpIFI 

110  IBE TArABI(IOETA) 

HELIlF10»om 

! 

/ 

i 

Figure  1-2,  Listing  of  helical  gear  computer  program  (cont'd) 
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iOro, 

IF  Ikll.Nl.l)  GO  10  111 
ILTalLRT(LIL) 

go  to  n« 

111  00  111  1*1, L«L 
>LTOLT«>L*r  1 1) 
lit  CONTINUE 

nRITE  (NOUT.RORl)  (ILRYI I ),I*l,L«l).«LT 
rori  format  (itui.rt.Di 
c 

C  J.  ITORE  ILTOT 

C 

111  ILFnO(L.I)*ILT 

110  CONTINUE 

c 

c  start  mp  loop 

c 

lit  PT  •  114000, «nP/irpnp*rop> 

■  N  *  MT/(C03<HAfl)*C0S(PANR) ) 

!HT«1 

0F0*CE*»N 

go  ro  its 

111  I  «ETM,NF,1)  GO  to  100 

1  '.*1 

natfgrrno) 
call  force 
go  ro  ;no 

1*4  CALL  SHE  P  (JRR,  JRG,JV3,JFR,  JPM,ILFNO#ROLIRAY,ER,IT,OFORCE, 

•  RNR.Z.HDP,*!,  FRl,FRl,TCON,T£NP,TS,PNEA¥,FRIC) 

00  140  1*1# I r 
»l»IlFNO(L,*> 

RlRlLFNOlL, l) 

iltotrilfnoil,  t) 

144  DO  |40  N*l,«l 

RH0**A0LL«AY(N, JRP,L) 

*mOG>IOILR*V(*>  j»c,d 

RMOF  1  18|f PHOP*RHOG/(RMOP*RHOG) ) 

VSRROLLRATTN.JVS.L) 

VT*pOLL*AY(n,JVT,L) 

ERIC  ■  ROLL»A*(N, JER.Ll 

ir  ultot.gt.o,)  go  to  iat 

»R|T€  tNOUT.ARAR)  ILTOT 
RRRR  FORMAT  <RM  ILTOT  ■  .Ell,*) 

*OLL»*»<N,JOT,L)  ■  I. 
go  ro  iso 

147  IFIoFORCE.GT.o.l  GO  *o  14* 

NRITE  (ROUT,  till)  OFORCI 

in*  format  (rh  oforce  *  ,tii.*) 
roll***C'.Jot,u  •  i, 
go  ro  140 

141  CONTINUE 

IFlL.IQ.l.OR.L.EO.IT)  GO  TO  14S 

or  •  ,101  •  (FRIC*<<DFORCE/ILTOT)**{l,/*,))*(ER**(l. /».)>/ 

I  (RMOE** ( 1 , /• , ) )  )  •{ABSIRMO*  •(RNP/RNG»RHOG))»SORT(RRMP)/ 

1  (BP»SORT(*NOP)*<SCRSORT(RNP/RNG*RMOG))))«fCO»(»HAR)/ 

1  SORT (COS (MAR ) ) ) 

CO  TO  14* 

144  tHl, 

14*  CTEmP«TS*0T 

HERTZ  R  ,lR|R*»ORT(tOFORCE*RL>/<*/l**lTOT)*(|RFRMOE)) 

»OLL»»*!N,  JOr.L)  •  DT 


meli*71o»o17i 
NELI1710*0»7* 
MELI»7R0*ol74 
H1L I 1740*0174 
H|LI »»40*01»T 
HELI 1770*0171 
MELI 1710*017* 
MEL  I  17*0*o]|o 
HELI 1100*0111 
MEL  1 1110*0111 
MEL  1 1110*0111 
MELtlR10»n||» 
MEL  1 1I*0»P1FS 
HELI 1*40*0114 
MEL  T 1140*0111 
MEL  1 1*10* ''ll* 
MEL  1 1110*0 
MELT1I*0»''1*0 
ME  L  I  1ROO*01R1 
MEL  I 1«IO*01R» 
MIL  I *R10*nlRl 
WEL I IR 10*0 1R» 
MEL  1 1R* 0*0 1*4 
MELI 1R40*01R4 
MEL  I TR40»nlRT 
me  L  I  To  10»"1»R 
HELI  iRIO»*'lRR 
MELI l«R0*n*0O 
MELI *  noo*o*0 J 
MELl»010*n*nl 
MELI*nio»n«o) 
MFLI»nlu*0*0* 
MFLI»n»o*o*o4 
HEL I  *  040***04 

MELI»040*o*o i 
mELI*OFO*o*or 
MELI*Oio*"*0» 
me  L  I»ORM*  *10 
MEL  I • 1 00*0* 1 1 
ME  L 1* 1 1 0*** 1 1 
MEL  I  *  1  ln*'**i  1 
MEL  1*1 10*o«i* 
ME  L  T » 1*0*0*14 
MEL  I  *  1 40*o* 1 4 
MEL  I  *  14P»i.'*  1 1 
MELI*110*0*1I 
MELI»llD*n»l* 
MELI»1RD*0*10 
ME  L I *100*0*1 1 
ME  L I  *  1 1 0*r,»?l 
MELI»110*o*ll 
MELl»*10»r*i* 
mELI»1*0*o»14 
mEL1»140»0»14 
ME LI»14 O*o*ll 
HELI*# 70*0*1* 
MELI»1I0»P*1R 
MELI»1R0*' *10 
MELI* 100*n»ll 

MELI*llo*o*ll 
MELI»S!o*o* 11 
MELI* 110*0*1* 


Figure  1-2.  Listing  of  helical  gear  computer  program  (cont'd) 
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m wsKISS 


•OU»AV(*<.JTC,l.)aCTlMP 
•OlcR**(*»,JNl,t)aNERTZ 
ISP  COMTIXUl 
ISP  CORTlRUC 


III 


■  WINS  too* 


UlalJ 

IIP  00  IPO  in,|l 
RFa«CFR0(l,l) 

«ll>l|Tt>l«! 

IF  t«FTaCT.S»)  60  to  17* 

•Oltt  (kOut.lOFl)  NP,FMP,RANSPC,T8,RPIAP,TltP,RANGPM,PMlAV,R>l 
MliKM 

17*  »»m  CkOUT.lOlS)  L.(«lFkO(C,J).J»F,l),»lFkO(l,S> 

00  IPO  S*1,RF 

»*ITf  <*0UT,1017)  K,(ROUR*V<S,J,C).JPl»ll> 

IPO  COST  I SUE 

IPO  COSTISUE 

IP*  GO  10  (111,100)  IHT 

POO  HPanPaONP 

If  (mP.CE.MPM)  GO  to  IIS 
GO  to  i 

1000  FORmAI  ( 1 H 1 ) 

101*  FO**AT  (///*!, *«£FF(,IF, PM)  *  ,Fkal,7X,7MCT0T  ■  ,F8a*,SX, 

|  ponpo»m»c  tOOtH  COAD  •  ,FlFal/7«,*MM(N),  l)t,kMR*RGCP,  l»,*HRMOP, 
F  alf  ,*MRMOG, l*,7MVl(|P8),fI,7kVT(IP8),i7 , PHFRIC ,*F, PMMERTZ (MR) , 

I  P«,SM0r(F),Fa,tMCTEMP,Fl,10HPME(B/SEC)) 

1017  FORMAT  (FI,lF,F>,Fla),l(l(,FfaP),F«,F7aF,F*,FBaP,|>,Fka*,l«,F8al, 
1F(1«,FS,1),  )«,Fk,»,«I,FkaF) 

1001  FORMA!  ( ) HI , l)MtHlR8EP0»tR  ■  ,F»,F(S«,kMFMF  a  ,Flai,S>, 

a  PH**NCPL  ■  ,FSaF,»«,llMT8,DEG  F  a  ,FSal/|PM  ROM  DRIVER  a  ,F*.F, 
a  SU.kNTMP  a  ,F», >,  ja.RMRAHGPM  a  , FSaF,S»,l*MPMEAV,B/SlC  a  ,F7,*/ 

•  1«H  «N,LO.  a  ,F»,F) 

110  COST IkUE 
END 

SURaOUt  INC  (RFR  IJRP.JRG,  JV8,  JFR,  JPM,*lFNO,ROlLRAT,ER,IT,OFORCf  , 
a  RSR, ZtPOR, PI ,  FRl, FRF, tCOSiTEMP,tS,FNEAV, FR1C) 

DIMENflON  ROLLRAtt 1 1, l«, Ik) , «CFSO ( lk.S) 

00  FO  lal, It 
RFaiLFSO(L.l) 

RaFaRf 

»CtOta»CFSO(L,l) 

«L*tCFkO(L.*) 

P*ilT»0, 

00  10  S*1,RF 

•  MOP  a  ROURAt(N, JRP,L) 

•  HOG  a  ROU»At(N, JRG.C) 

RMOE  a  AR8  ( (RMPPaRMOC)  /  (RMOPaRMOG)  ) 

VSaaOCCRAt (S, JvtaC) 

IF  (L.IO.l.OR.L.EO.IT)  GO  to  11 
0  PVSa(OFORCEa«U/(  »LTOT )  a  ( (A««(VO>  )••(•!,  t), ) ) 

IFIPVJ.'.IOO.)  GO  TO  Ik 

FRICaFRl 

GO  TO  FS 

IS  FRIcaFRFa(PyJaa(.tio)> 

GO  tO  FS 
II  FRteaO. 

FS  IF  (l.EO.l.PR.l.EQ.IT)  SO  TO  11 

PMFaFRICa(OFORCEa«UF(*/*a«CtOt)aViaUa/P|»ka) 

GO  TO  FI 
17  PmEbO, 


MELI* AkO*OP 17 
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HELt***0*0*P( 
MECt**SO*n«Pk 
HELI»»kO*n*»7 
HECI**70*n»«R 
H(LI*100*n*«P 
MElI»SlO*n*SO 
«ELI*S*0*n»Sl 
MELI»S10*r»SF 
MECI*S*P*"»S1 
HECI*SSO»o*S* 
MtLI*lkO»P*SS 
MECl*S70»n»Sk 
MeLl»SI0*o*S7 
M|LI*SPO*n*SR 
HtLI»kOO*n*SP 
MELl*fclO*0*kP 
MELt*kFO*n»fc| 
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Figure  1-2.  Listing  of  helical  gear  computer  program  (cont'd) 
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t*  *oil»*»<Ni jpr.ljppric  sbp*osso»4rr7 

■OLL»AY<N,JPH,L)  •  ’HI  |SPPOEkO»0«R* 

PMETPPNETaPME  ISPROEkfanMR 

10  continue  ssproitopoioo 

*LPnO(L,*)pPhET  IBP*0EI0»0f01 

to  continue  iipaderopoioe 

PnEavpO,  SBP*0110»0«01 

m.JT.1  SBPROlEOaftiOP 

00  |0  lilfU  SBPROllOaolOk 

PmCiYbPNEAVT«LPN0(L,I>*«LPN0<C*1#»>  SBPR01»0»P*Ofc 

IB  CONTINUE  SSPR0110*MOT 

PMC»V*(PHCAY«*NPaI) /(«»•», •BDPaPI)  SBPPOlkOPOtOR 

*0  TI*{TCON*t  (PMEAv)a«,RO) ) •TEMP  SBPR0170»0i0« 

00  (0  1*1 1  IT  IBPROlTtPOllO 

*Lp«LPN9IL,*>  BBMOIllkOlll 

«tT0T*«llNOtL,  1)  SBFROlManllf 

»L0*DP0RC1»«L/«LT0T  SBPROm»Mll 

«LPN0<L,1)*«L0  8BM011»*0*1» 

»B  CONTINUE  UMOIM»nlll 

•tTu**  SBPROHO*nllk 

(NO  SBPR01RO*011» 

iubrout i ne  poace  roocooootnsji 

*E*L  NATP9  PO»COOIO»0(1* 

common  ac,ap,80c,9dp,c,  cpn, cto, ctp.ec, ip, ppc,ppp,cni,har, mi,  po*cooeo*omo 

1  IMT,IN,N0uT,DDC,PANR,PDC,P0P,PEC,PEP,PMC,P1,PMI,PMP,RNC,  POACOOIOpoIE 1 

i  pmrr,pas,prp,rnp,rpmp,  va,noc.ndp,opo*ce,nn,natp9  po*coo»o*o«ee 

C  P0»COO*0*nlEl 

C  OIPTNITION  OP  CALCULATED  VARIABLES  POD  HELICAL  CIA*  DYNAMIC  PACTORPOACOOkO*nlE» 
C  P0*C00T0»01C* 

C  PM  ■  MASS  OP  PINION  AT  PITCH  LINE, LS, SEC, 89, /IN,  FO*COOIO»nSE k 

C  CM  P  MASS  OP  CEAP  AT  PITCH  LINE,LB,SEC,SQ,/IN.  PO*COORO*nlE» 

C  E"  •  CaulVALENT  MtsS,l9,SCC,SC,/IN,  P0»C0100*nSEi 

C  CB  ■  COMPLIANCE  OP  TOOTH  IN  SENDING, IN,  P0*C0110*0lE« 

C  e»  •  COMPLIANCE  OP  TOOTH  pin  PlEIURE.IN,  P0PC0120*nt!P 

C  CC  ■  COMPLIANCE  op  aim  in  CIPCUMP,  DIRECTION, IN,  P0RC01 10*01 1 1 

C  CT  ■  TOTAL  COMPLIANCE  1NCHCS/LH,  PM  IN,  pIDTH  P0RC01«0»nllE 

C  TS  •  TOOTH  STIPPNEIS,  LR/IN,  PE*  IN,  PIDTH  P0*C01l0»ntll 

C  TC  *  LOP  IPEfD  INAPT  YOAOUE.  IN, -LB,  MRCOlfcOanS  ]« 

C  y  *  PITCH  CINE  VELOCITY, PPM  »C0l?0*P*l! 

C  EE  *  EPPECTIVf  ERBOR  ORCOUOpnllk 

C  NT  a  TIME  POR  1  tooth  PULSE,  IEC,  ■♦0*C01R0»011T 

C  TT  a  RATIO  OP  TIME  OP  INTRODUCTION  OP  P0*C0E00»011R 

C  ERROR  TO  NATURAL  PERIOD  PO*C0E10»nllN 

C  OP  •  Oynamjc  PACTO*  PO*CO*PO*01»n 

C  NATP8  *  TOOTH  SPRINC  PREa,,*PM  P0RCB(10»nt*l 

C  PO*CO*PO*0*»* 

C  PRELIMINARY  CALCULATIONS  F0*C0E*0*OS»l 

C  PORCOfkOMlPP 

RNRaaRPMRafRNP/RNC)  PORC 0E7D»OS»« 

IPIRPMP.LT.PMPR)  PHRRbRPMP  P0«C0H0»OS»fc 

100  PM  a  PM!  /( (POP/E, )*(PDP/E, ) )  PDRC0ER|t*nS»  7 

CM  a  CHI  /{(P0C/1,)*(P0C/I,))  PORC0100*01»a 

EM  a  (PM»CM)/(PM,CH)  PORCCIlOPOtP* 

CBa(||/PI)a( (NOO/fl  *PE) / (EC* (C  TCI t  PORCOJEO»nllO 

l  IlE/»I)p((*OP/»)«»ll/tEP»ICTP)aalJ  PORC0110*0*U 

C»Ia  (l,/P*0)  •  ((E,*U,*PRC)/EeiP((0,l/ACa(C»NPC0S(PANR)))»,l»l)pP0»C01»0*nll» 
I  U,/COS(MAR))I  P0*C0I1B»(I111 

CREa  (1,/PkP)  >  ((E,*U,*P*P)/EP)*((B,l/ARa(CPNtC0S(PANR)))«,tIl)aP0*COik0POllP 
l  ( 1 , /COS (MAR  111  PORC0170*0»S» 

c*  p  po*coiio»oisfc 

CC1  *  (l,/PNC)*(*Na*a,/COS{HAR)  )/tk,a(A8/(CTCaC0S(PAN*n*.l)«EC)  JP0RCniR0*0ll» 
CCE  *  U./P*P)*»*NP«a,/COS(HA*))/(k.PtA*/(CT*PCOI(PAN*))*,E)*EP))PORCnaOO*n»5* 


Figure  1-2,  Listing  of  helical  gear  computer  program  (cont'd) 
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CC  •  CC I *ct# 

C(  ■  C*»CB«CC 
TS  i  l./Ct 

T6  •  kV>oo.«M»  /  p«pb 
»  •  (»i*»n»/ii,)  •  bprp 

CC  •  PCS’  ♦  PfC  •  P«C 
BO  •  (PCP»PCG)*(C,*»“6) 

IF  (NWFI.bC.Q.)  CO  TO  IP 
T1if,.P|«SO*T(CT«CH) 

SATFOkkn.STI 
■  »ITC  (snuT.lOCl)  k*TFQ 

|Ofi  FO»«»T  {//ll.lPMtOOTM  MtT,  FRIO,  •  ,FIO,l,'H  BOB) 
CO  TO  ISO 
in  >  FboO,/S«TF<J 

c 

C  C»irui»ur>i»  OF  UTNMIC  FICTPH  Bt  TUPkl*  RFTMOO 

c 

v>r>  »T  •  CRk  F(l,/COJ(M*»))/|P,  •  (kO,/v> 

•t  ■  pr/ri 

•F  fTi.te>>)  WO.WO.lkO 
»k0  C»  ■  ".BIS  /  SQBT(la*(k,ka(T1aTT))) 

On  »n  «tn 

WO  M  ■  l,/(l,F(k.k*(TT«TT)n 
7*n  01  a  tC«n«TS 

JF  (BPmp.GT.pmpB)  CO  »0  Ml 
POCaPO* 

Ml  T  J  ao!  a  (PDU/P « ) 

OF»TC/(ICfTI) 

•  RIM  (SPOT ,  I  OPC)  OI.DF 

IflPP  FnB«UT  (/Cll.F.CFM  a  OTSFPIC  tNCBC><k*<'.LBI/CUa«i 
•  IFH  a  nvstwic  FFCTORT 
Bt  »  IBS 
F  NO 


FOBC0»10*nCi 
FO*ce»*o*nsfc 
FoBC0M0*n»k 
F0BC0»»0»n»k 
FO*COMO*ntfc 
OOBCOtbOkPfb 
BOBC0*?0*Oik 
POBt  »»0*0Sk 
FOBCO»RO*P*k 
F0»(  lOOPPSk 
P0BC0tl0*n«k 
FOBCOMOBOtT 
FORCO110»Pt’ 
FOBC01*O»0tT 
FOBCOMO*nS» 
POBCO»fcO*ni7 
FOBCn»?0*0»7 
>OBCn*Bn»nW 
FOBCOBBO*"C7 
F0*C0k00»0i7 
FOBCOklO»n<i7 
FQBCOkCOkqSB 
FOBCOklOkOtC 
FoBcnk»o»nt( 
FOBCOkCO*0»B 
FO»COkkO*OSI 
P0*C0k70knSI 
P0BC0k«0»0SB 
POBCOk«0»Otl 
F0BC07nn»pt« 
F0BC0710k0fl 
F0BCn7(0»nSB 
P0BC0710kP*»; 

*n*Bi 


I 

I 


l 


Figure  1-2.  Listing  of  helical  gear  computer  program  (cont'd) 
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Figure  1-3.  Sample  helical  gear  computer  printout 
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Figure  1-3.  Sample  helical  gear  com;  uter  printout  (cont’d) 
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Figure  1-3.  Sample  helical  gear  computer  printout  (coat'd) 
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Figure  1-3.  Sample  helical  gear  computer  printout  (cont'd) 
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Figure  1-3.  Sample  helical  gear  computer  printout  (cont'd) 


APPENDIX  J 

SPIRAL  BEVEL  GEAR  COMPUTER  PROGRAM 


Program  Goal 

This  program  examines  spiral  bevel  gears  for  scoring  potential. 
The  analysis  follows  a  pair  of  teeth  from  the  time  they  engage  until 
they  separate,  examining  the  conditions  in  the  gear  mesh  at  a  number 
of  intervals  (usually  20)  during  the  mesh  cycle.  The  area  of  contact  is 
assumed  to  be  elliptical.  Geometric  parameters,  velocities,  loads, 
and  temperatures  are  evaluated  at  the  center  of  the  contact  ellipse. 

The  method  of  analysis  generally  follows  that  of  Coleman. 

Operating  parameters  are  calculated  on  the  basis  of  static  load. 
These  parameters  may  be  corrected  by  applying  a  dynamic  factor. 

Program  Language  and  Computer  Type 

The  program  is  written  in  FORTRAN  IV  language  for  aCDC  6000 
Series  computer,  using  RUN  compiler  and  SCOPE  3.4  system. 

Input  Cards 

There  are  six  data  cards  per  set  of  data.  Data  sets  may  be 
stacked.  The  program  contains  both  rpm  and  a  horsepower  loop, 
so  the  effect  of  changes  in  these  operating  variables  on  gear  behavior 
may  be  studied. 

Either  the  gear  or  the  pinion  may  be  the  driver.  However,  data 
must  be  entered  as  applicable  to  the  pinion  or  the  gear,  regardless  of 
which  drives.  The  program  will  evaluate  conditions  for  either  left- 
or  right-hand  rotation  of  the  driver  or,  in  the  case  of  a  reversing 
gear  drive,  both  directions. 

A  description  of  the  cards  follows.  All  units  are  in  inches 
unless  otherwise  noted. 

Word  Column  Symbol  _ Desc  ription _ 

Input  Card  1  (PRELIMINARY  INPUT  DATA) 

1  1-10  RNP  Number  of  pinion  teeth 

2  11-20  RNG  Numbe r  of  gear  teeth 
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Word  Column  Symbol  _ Description 

Input  Card  1  (Cont'd) 


3 

21-30 

AP 

Pinion  addendum 

4 

31-40 

AG 

Gear  addendum 

5 

41-50 

BP 

Pinion  thermal  constant, 
lb/°F-in.sec2 

6 

51-60 

BG 

Gear  thermal  ponstant, 
lb/ 0  F-in.  -sec2 

7 

61-70 

DEDP 

Pinion  dedendum  angle,  deg 

8 

71-80 

DEDG 

Gear  dedendum  angle,  deg 

Input  Card  2 

1 

1-10 

EP 

Young's  modulus,  pinion 

2 

11-20 

EG 

Young's  modulus,  gear 

3 

21-30 

PRP 

Poisson's  ratio,  pinion 

4 

31-40 

PRG 

Poisson's  ratio,  gear 

5 

41-50 

PA 

Pressure  angle,  deg 

6 

51-60 

SA 

Spiral  angle,  deg 

7 

61-70 

SIGMA 

Shaft  angle,  deg 

8 

71  -80 

FW 

Face  width 

Input  Card  3 

1 

1-10 

PD 

Diametral  pitch 

2 

11-20 

DRIVE 

Driving  gear;  use: 

PIN  =  pinion 
GEAR  =  gear 
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Word  Column  Symbol  _ Description 

Input  Card  3  (Cont'd) 


3 

21-30 

ROT 

Rotation  of  driver  as  seen  looking 
toward  apex;  use: 

CW  =  clockwise 

CCW  =  counterclockwise 

REV  =  reverse 

4 

31-40 

HAND 

Hand  of  driver  spiral;  use: 

RH  =  right-hand 

LH  =  left-hand 

5 

41-50 

M 

Number  of  divisions  of  the  line  of  con¬ 
tact  that  will  be  studied,  usually  20 

Input  Card  4 

(FRICTION  AND  TEMPERATURE) 

1 

1-10 

TEMP 

Oil  jet  temperature,  "F 

2 

11-20 

FR1 

Friction  factor  from  Eq.  (55),  (57), 
(59),  or  (61 ) 

3 

21  -30 

FR2 

Friction  factor  from  Eq.  (54),  (56), 
(58),  or  (60) 

4 

31-40 

TCON 

Temperature  difference  factor  fro:  i 
Eq.  (69) 

Input  Card  5 

(RPM  LOOP) 

1 

1-10 

RPMP 

Pinion  rpm 

2 

11-20 

RINC 

Rpm  pinion  increment.  Blank  or 
zero  if  only  one  rpm 

3 

21-30 

RPMX 

Maximum  pinion  rpm.  Blank  or 
zero  if  only  one  rpm 

Input  Card  6 

(HORSEPOWER 

LOOP) 

1 

1-10 

HPO 

Initial  horsepower 
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Word 

Column 

Symbol 

Description 

Input  C 

ard  6  (Cont'd) 

2 

11-20 

HINC 

Horsepower  increment.  Blank  or  zero 

if  only  one  horsepower 

3 

21-30 

HPMX 

Maximum  horsepower.  Blank  or  zero 

if  r"'.ly  one  horsepower 

A  sample  set  of  data  cards  for  the  spiral  bevel  gear  design  and 
operating  conditions  given  in  Chapter  VIII,  Section  D,  is  shown  in 
Figure  J-l.  The  pinion  is  the  driver,  turns  CW,  and  has  a  left-hand 
spiral,  as  shown  on  Card  3.  Card  4  contains  friction  factors  calcu¬ 
lated  for  plain  surfaces  with  a  composite  surface  roughness  of  33  jxin. 
AA,  using  Equations  (1.11)  and  (112).  Only  one  rpm  was  required  as 
shown  by  Card  5,  and  Card  6  shows  that  10  hp  levels  were  run,  starting 
at  300  hp  to  a  maximum  of  1200  hp. 

Computer  Program 

Figure  J-2  shows  a  listing  of  the  computer  program.  Control 
cards  are  not  included. 

Sample  Printout 

Figure  J-3  gives  the  data  printout  for  the  data  input  of  Figure 
J-l.  Results  are  shown  for  600  hp  only. 

The  first  page  lists  the  input  data  for  reference  purposes.  The 
second  page  gives  the  results  of  the  preliminary  calculations.  The 
third  page  lists,  for  M  +  l  positions  across  the  plane  of  action,  those 
variables  that  are  independent  of  the  power  level.  These  are  velocities 
and  some  geometric  parameters.  The  next  page  gives,  again  for  M  +  l 
positions  across  the  plane  of  action,  those  parameters  such  as  load, 
instantaneous  surface  temperature,  and  instantaneous  frictional  power 
loss  that  are  power-dependent. 
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8BCyo*4o*"oso 

c 

sl*C 

■ 

H0R9P PO**t R  INCRpRpNT 

SBtynion*nosi 

c 

s 

R A V y *»l»R  MOPSCPONfR 

SBC  VOS  10*003? 

c 

SBCy0S?0*00Sl 

c 

Oir INI  Monj  or  p«CU«IN4*t  t*tCwl4TiO  vi»i4BLtS 

(INCH  UNITS) 

SBEVOSI0»0O5» 

r 

SBEy0S*0»n0SS 

c 

k 

> 

«t4N  CONf  0IJT4NCC 

5BEVOSSO»nOSh 

c 

• 

4notNOuN  PNGLf  (PINION), DtG, 

SBEvn*kO*OOST 

c 

k  IFG 

■ 

4O0CNO'jN  4NCLC  (Gt»»).OIG, 

SBF  VOSTO*OOSI 

c 

A«P 

9 

«C4N  iOOCNOl'N  (PINION) 

BBC  VOSBO»OOS* 

c 

A«0 

9 

NfAN  4001NDUM  (G4  4B) 

SBCVOS*P»OOkP 

c 

AO 

9 

CONf  OUTPNCI 

SBf  VOkOO»"Okl 

c 

Ali 

a 

N(4N  UH  5PIP4L  INGtt  ,#40I4N8 

SBF  VOfcl 0*pnfc? 

I 


* 


Figure  J 


2.  Listing  of  spiral  bevel  gear 
computer  program 
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BPS! 


CP  •  10*0  FACTOR 

r»  •  mddtfiid  contact  ratio 

dp  ■  »|t£«  OIAMCUR  (PINION! 

06  «  PUC-  0|Am|T|R  (GEAR) 

drhdp  •  -can  Radius  o»  curvaturi  (pinion) 

ORMOG  •  nfll  RADIUS  OP  CURVATURE  (SCAR) 

MASS  ■  A  PARAMETER 

PAC  *  A  FACTOR 

FI  t  INIRTIA  FACTOR 

f-p  ■  P ACC  CONTACT  RATIO 

I5A“P  ■  PITCH  ANCLE  (PINION), RAOIANI 

c.a-c.  r  pitch  angle  (scar) , radians 

OHCCP  P  PINION  S»CCD, RAO/SIC 

PN  ■  -| AN  NORMAL  SASC  PITCH 

PRNP  •  PITCH  RADIUS  IN  MIAN  NORMAL  SCCTION  (PINION) 

PRNC  •  PITCH  RADIUS  IN  MIAN  NORMAL  SCdlDN  (SCAR) 

PC  «  A  PARAMITCR 

RRNP  ■  BASF  RADIUS  IN  MIAN  NORMAL  SCCMON  (PINION) 

•  hnG  ■  HAST  RADIUS  IN  MI  AN  NORMAL  SCCTION  (SPAR) 

RP  P  PITCH  RADIUS  IN  M{AN  TRANSVERSE  SCCTION  (PINION) 

RC  *  PITCH  RADIUS  IN  MIAN  TRANSVERSE  SCCTION  (CCAR) 

RONP  p  OUTSIOC  RADIUS  IN  M| AN  NORMAL  SldlPN  (PINION) 

•  ONC  P  OUTSIOC  NADU'S  IN  MIAN  NORMAL  SldlON  (SCAR) 

T MR  p  TRANSVCRSC  CONTACT  RATIO 

IN  p  LCNGTH  or  ACTION  IN  normal  PLAN! 


*t*0  INPUT  VARIABLCS  PON  SPIRAL  SIVIL  SCARS 


SBIVOfcEO*nOH 
SSP  VDh  lOk'lOkR 
SBC  VOkAOMHOkS 
SBPN0kS0»rOfcfc 
8BEVOkkO*"Ok7 
ssevokTo»''Dk» 
SBCVOkRO»rOk* 
SBEVDk*0»PDTn 
SBIVOTOOkOD !1 
SBIVOTIOknOFC 
SBEVOFIOkO'IF! 
8BEV"7)0»n07» 
SBIVDT»n*o07S 
SBCVOTtO»nOTk 
SSIVOTkOkOOTT 
SBC VQ770M0078 
SRP  VOTSOkflOTR 
8BC»07R0*o0«n 
SBIVOSOOkOOIl 
SBCVOSlOknOSC 
SBivosio»nos> 
SBCv(l|10*no»i 
8BCV0l*0»00Si 
SBCvDISOknOlfc 
SBCVOIkO*OORT 
SBC»DS70*D0RS 
SBC  VQSIOkQDS* 
SBCVDI«0»OORn 
8BCVORDO»OOR| 
SBCVDR10»flO«C 
SBEVORCOkOPRT 
SBC  VPRJOkOORA 
SBPVOMOkOORS 
SBIvORSO»nORN 
8BEVORkO*DOR7 
BBC  V0R7DMP0RI 
SHI VORIOknnRR 
SBIV0R*0>o|PP 
SBCvlon"k"10i 

SBC  vinin»npc 

SBC V 1 070*010  T 
SBIVlOTOMPlnN 


100  RCA1'  (IN, NOON)  RNPfRNG,AP,AG,BP,RC,OCOP,OEDG, 

C  PP,{G,PRP,PRG,PA,SA,StGMA,PR, 

1  PD, DRIVE, ROT, HAND, M, 

%  TIMP,PR1,PRC,TC0N 

Root  format  (CFin.o.kF 10,1/Cf 10,C, SF  10,!,Fl0, »/F]n,  ),  )A  I  0, 1  in/ 

1  IPIO.I.IPIO.R) 

IF  (FOP, IN)  kOO, ISO 
HP  RCAD  CN.ROOf)  PPMP,RINC,RPMK 
RCAp  (In, rods)  hP0,mInC,hPM* 
sons  format  (IFin.D 

•  RITE  (NOuT , RO 1 0 )  RNP, RNC, AP, AS, RP, 86 , 01  DP, OEDG, IP, C G, PRP, PRG 
NRITC  (NDUT,ROin  PA, SA, SIGMA, Pp,PO,ORtVC, ROT, HAND, M, 

•  TI«P,PR1,PRC,TC0N 
ROIO  FORMAT  (1H), ////)*!, RlHyALUCS  AND  OPPINITIONS  OF  INPUT  V A*I ABLCS, /SBF V10*D»r 1  PS 

•  CkH  (INCH  UNITS  UNLISS  NOTCO) / 

•  CK.lkM  (PINION)  ,fcl,t*H 

•/II-  RNP  •  ,P|D,R,SI,1DM  RN6 

•  SHH-NUMRCR  OF  TCCTH 

* / 1 1 h  AP  R  ,  F  1  n , •  ,  Sn ,  I  0-  AC 

•  lD-.AOOCNDUM 

•  /llx  RP  R  ,F  10.R,  t>,  10H  SG 

•  nOh.Th|rmal  CONSTANT, L8,/S0RT(P 
•/li-  oro»  r  ,fid,r,s>,iom  ocog 

•  rOM.OIOFNOUM  angle. OCG, 

•/II-  CP  *  ,C|0,C,SI,10M  IG 

•  kHM-TOUNG'S  MODULUS, PS1 

•  / 1 1  —  PRP  R  , Pin,*, SI,  10M  PRG 

•  -n— POISSON'S  ratio 

•  ) 

soil  FORMAT  ( 

•  II-  PA  p  ,»lO,C,m.lkM.NORM 

•/il«  sa  p  ,fid,c, soi, jkH.sPiR 

•/It-  SIG“»  p  ,P|D,C, lOl.lkM.SHAP 


(GCAR), 

SBCVlOSOMdOk 
BBC  V 10kn»n 107 

•  , MD,*, SI, 

SB! *ID7D*")nP 

»  ,F1I),*,|«, 

SBC  V 10R0*° 1 P* 
SMEVIO*"*  ■ir 

p  ,F 10,*, SR, 

SB*  Vlinn»nll| 
SR! V 1 1 1 0*n 1 1  ? 

.It'.CCG.F 

SR! VI 1 PO*n 1 1 T 

•  ,F 10,*, SI, 

SBf»IIIA*"l 1* 

■  ,lin,c,si, 

SSFvil»n*'-m 

SBEVIINO*'  Ik 

R  ,F10.*,SI, 

!>MF*llkO*  117 
•"EVllTn*  IIP 

PRC SSURC  ANGLE, DC G, 

SBC  'HIP*  j  R 
'.RtvilROk'lcn 
SRE  V 1 CnOkr 1/1 
SBIVl/l"*-nlCC 

ANGLE ,  DC  G , 

SBf  »ICi*0»0IC) 

ANGLE, DIG, 

SRCvlC>0*nli>» 

i 


Figure  J-2.  Listing  of  spiral  bevel  gear 
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•/llH 

r« 

■ 

,r  i" 

*/ll" 

PO 

• 

,r  |n 

•/II" 

ORIVE 

s 

,  AlO 

•/II" 

ROT 

■ 

,*in 

•/II" 

HARO 

■ 

,‘10 

•/ 1 1" 

M 

■ 

,110 

*/u» 

TERR 

■ 

,»  10 

*/ll" 

PRI 

■ 

,P|P 

•/llH 

PR* 

■ 

,P|" 

*/ll" 

TCON 

■ 

,F  IP 

•) 

,  io»,  ik"«ORIvlNG  r.t*» 

,  lo«,  Ik"-«0TAT10N  0*  DRIVER 
, ioi.  ikH.mno  or  orivir  ipiral 
, so*, jfcM.Ku««t»  or  increments  or  err 


«*lrf  input , nnnn )  BPxp 
ir  (R|NC. to, r,»  r.o  to  ?*? 

PR|TE  IN0U»,Nn07J  PINC.RPHR 

iu  prtte  inout, roost  mpp 

ir  ("INC,EQ,n,i  CO  TO  ?kl 

nritc  inout.roort  hinc,h*«i 

noon  format  (  / / is • ,  •  ih|  NPyT  variables  for  specified  loops  and  sic 

•ns//l>, iohvariablEB  usto  IK,,,  »r«r  loop 
»/ll»  rpmp  •  ,rin,f,loi,  lkR*RP“  Pinion 

•  I 

«oor  format  ( 

•  11*  *mc 

•/II"  PPM! 

•  ) 

POOS  roP"«T  ( 

•  //il'lSHytSURLtS  USED  IN, , .HOPSIPORER  LOOP 


■  ,rin,?,ios,  ihH«RPM  Pinion  incscninT 

•  ,F  IP,?,  10>,  IfcH.PPM  Pinion  MUIMUH 


•/II"  HPO 

•) 

POOP  Fl)H"AT  ( 

•  ii"  "inc 

•/il"  "p»« 
•//) 


■  ,ri0,?,)0>,  lkH.MORSEPORER 


,r lo.t.ios,  ikH-nOPSfPoniP  mcPincnT 
,rio,?,io«,  jn"""»«i"u“  horsiporIR 


c 
c 

C  Otr tnlTIOnS  OP  CALCULATED  LOOP  VARIABLES  POP  SPIRAL  BEVEL  GEAR 
c  alp i  •  apcle  the  Pinion  velocitt  rapes  pith  pitch  lime  in 

C  PAOIAHS, 

C  ALPP  ■  AHOLE  the  GEAR  VELOCITT  RAPES  »ITK  PITCH  LIRE  in 

c  RAoiAns, 

C  IS  p  Sf"I"AIIS  or  CONTACT  ELLIPSE,  in, 

C  PS  P  SE"I"APIS  nr  CONTACT  ELLIPSE,  IN, 

r.  pelt  p  CONJUNCTION  TEMPERATURE  RISE,  DEG,  r 

C  01  R  OISTANCE  THE  contact  area  ROVES  OVER  A  POINT  On 

C  SURPACE  OP  PINION,  IN, 

C  0?  P  OISTANCE  THE  CONTACT  AREA  ROVES  OVER  A  POINT  ON 

C  SURPACE  OP  GEAR,  IN, 

C  err  •  the  InOEPENOENT  variable,  DISTANCE  PRO"  CENTER  op 

C  SURFACE  OP  ACTION  TO  LINE  OP  CONTACT  REASONED 

C  in  THr  NORRAl  DIRECTION,  IN, 

C  ETA1  p  FACTOR  in  LOAD  S"I»IN0  RATIO 

C  ERIC  R  FRICTION  COEFFICIENT, 

C  "P  P  "ORSEPOnER, 

c  o"cr.  ■  inclination  angle  semen  line  or  contact  and  the 

C  PITCH  line  in  the  tangent  plane  in  radians, 

C  TP  CONTACT  stress,  PS1, 

C  RH0  P  RELATIVE  RADIUS  OP  CURVATURE,  IN, 

c  RHOR  P  RADIUS  or  PROFILE  CURVATURE  AT  PITCH  POINT  on  gear 

C  IN  THE  REAR  NORRAL  SECTION,  IN, 

C  R"0»  P  RAOIUS  or  PROFILE  CURVATURE  AT  PITCH  POINT  ON  PINION 

C  IN  THE  “EAR  NORRAL  SECTION,  IN, 

C  PRO!  p  RAOIUS  OP  PROFILE  CURVATURE  ON  PINION,  IN, 


SBEVl?PO*nltl 
SBEVl?SO*flt?k 
SREvi?kn»fii?r 
SNEV1?70»01?P 
SBEV1?B0»M?R 
ssr vi?Po»ni so 
SBEvl iOn»ni 11 
SBEV1110»nl!E 
SBEV11?0*0U1 
SNEV1 110*011* 
SBEV11»0*PUS 
SNEvmo»nllk 
SBEVllkO*011T 
ssf  vuro*oi>s 
S6EvilS0»nllP 
SBEvtSPO»ni«0 
SBEV1P00»01*1 
TIOSBEV1P10»01«E 

3BEVl*?0»nl»l 

SBEVIPIONPIPP 

SBEVl»RO*01»S 

SBEVl*S0*01»k 

sse  v  lPfcOkoipr 

SHE  V 1 P 70*01*S 

ssr vi»Po*ni»p 

SBEV1PP0»PIG0 
SBEVlSoo*ol%l 
S6EvlSlo»n|S? 
SBEvis?o*nlsJ 
3BEV1S10»01SR 
SBEV14»0*nUS 
SBC  V ISSONOlSk 
8BEVlSk0»0lS7 
3BEV ISTOknlSS 
SBEVISBOpdISP 
•  sBEviSPp»nikO 
SBEVlk00*01U 
SBEVlM0»01k? 
SBEVlk?0»nlkl 
SBEVlklO»nlkP 
SBEVlk»0»nikl 
SBC  V 1 kSO»0 lkk 
SBEVlkkO»nikT 
SBE VlkT0*01kS 
SBC  V lkSONQ lkP 
SBEVlkPOpplTO 

SBEvl700»nlTl 

SBEV171D*017* 
SBE V17?0*nl 7 ) 
SBEV1 710*017P 
SBEV17*0»nl7S 
SBEV17S0*017k 
SBC  V 1 7fc0"0 1 77 
SB£V1770*P17R 
SBEV17S0*017P 
SBEVl 7PO"OISO 
SBFV1BOO»P1S1 
SNE  V  IS  1 0"n |S? 
SBEV1S?0*P1S1 
SB£vlS10,-nlB» 
SSEVlS»0»nlS* 
SBEvlSSOnnlSk 


Figure  J-2.  Listing  of  spiral  bevel  gear 
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* 


i 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


•  HO? 

sc 

s* 

vF 

vFS 

vSP 

</ST 

VST 

Vt 

VN 

y» 

vPC 

v»» 

vS 

V  1 
V? 

.0 

.T 

ro 


a  SAOlu*  0?  rsnrm  CU«v*TUSi  ON  tits,  IN, 
a  If  NOTH  or  L I  HI  or  COHftCT  thsu  critical  SOINT 
a  LOtO  SHARING  Stfic 

a  iFNtTHalir  SLIDING  VllOCItT,  IN/SIC, 
a  kfHCTHattf  SLIDING  VllOCItT  OS  CHS,  IN/ttC, 
i  lENGfMalSI  SlIOING  VllOCItT  OS  SIN10N,  IN/SIC 
a  L(NCfH«I|f  tU«  VllOCItT,  !N/ttC, 
a  SSOrilt  SUN  VllOCItT,  IN/tlC, 
a  SCIUlttNT  SUN  VllOCItT  •  IN/KC, 
a  T A  nCInt I tl  velocity  vICtOS,  IN/SIC, 
a  SSOSIlt  SLIDING  VllOCItT,  IN/BIC, 
a  SSOSIll  SII01NC  VClOCttT  OS  Cits,  |N/t(C. 
a  ••OSH!  SlIOINS  VllOCItT  OS  StNION,  IN/SIC, 
a  HI  SUIT  tH?  HIDING  VllOCItT,  IN/IIC, 
a  HI  Suit  ANT  ABSOlOtl  VllOCItT  OS  S|N|ON,  IN/SIC 
a  HI  SUIT  ANT  tSSOlUtf  VllOCItT  OS  CHS,  IN/SIC, 


IN, 


a  OVN»«JC  10A0,  IS, 

a  HlatMOM  TlNdNtltl  LOAD  At  M[H  HITCH  SOINt,  IS, 
a  DISTANCE  MON  SITCH  IIN|  TO  CSItietl  SOINT  IN  TMe  H| AN 


NOBHAl  SECTION, IN, 


»{trO»H  HHfllMlNAHT  CAlCUlttlONS 

(Si  SIG«AB*J|G“A«SAOI»N 
HASaStaSAOl IN 
SASaSAasAOt  AN 
Alla  a  0100 
All  G  a  OF  OH 
AlFHSlAlFHaSAOttN 
AiroSaAlFCaHAOIAN 
OH  a  SNH/Ho 
or,  a  aNr./an 

ANGLE  a  (  ISO,-SIGHA)*SA|)!AN 

GANaaATAN(s|N( S I CM AH  I /( (ANG/BNSj  «COS ( S ICHAS) )  I 
r>0  CA“i;  a  SIG“AB.GA“P 

IS  (ABS<r.AMG.HI/?,),GT,,001»)  GO  TO  (»• 
ill  GANGTaioon, 

CAHr.Ca.onoi 
CO  to  /in 

ft*  GA“GTaTAMGAM5) 
r.A»GCari(S(GAHGl 

it ■  Ao  a  or./rr,,siN(r.AHG)I 
A  a  AO-F«/r, 

bp  a  (A/A0),(OP/(»,aCCS(8tNH)) J 
BG  a  (A/AO)«(DG/(#,«CAHGC)) 

AMP  a  AP«{F*/(a)*TAN( Al I  SB ) 

A“G  a  AG»(Fa/?a)aTAN(AllGS) 

PB«p  a  vP*((ia/C0S(SAB))*(Ia/C0S(StR))1 
pbng  a  BGA((la/C0S(StS1)a(Ia/C0S(SIS)J) 

BSNb  aSBNPaCOS(PAB) 

BSNg  aPBNGaCOS(PAB) 

BONN  aPBNP,Aup 

SONG  aPBNGlAMG 

OBMOP  a  SQPT( (BONP*BnNPJ»( St NPaBBNS) )*SBNP*5IN(SSN} 
nRHnr.  a  3G»TUB0NG«P0NG)*(BBNG*BSNC))«h»NC*SIN(PAB) 

IN  a  OBhOP,OBhOG 

v«r,rM/Ao«i (r,.r*/Aoi /<#,•( i.mS»/ao>)) 

FMp,An.pn/PIa(Ta|«TAN(SAS  ) • ( 1 a / 1, • ( ( T«l* t AN  ( StS  ))*al))) 
P?  a  (A/AOI«((SIaCOS(StS))/(COt(StS)t((COS(SAP)aCOS(StS)) 

1  ,(TAN(PAB).TAN(PASJ)))) 


ss(vitko*oist 

ttivitso»otts 

tstvitso*nit* 

mvitso»niso 

sbivi*oo*oi*i 

sttviMO*ol*» 

tBIVl*(0*P|*l 

IIIV1*10»01** 

mvis»o*oist 

itevistONoisi 

tBEVl*fcO*Dl*t 

tltvistoaniss 

StlvjNSO*niaa 

ibfvir*o*osoo 

SBfv(ooo*ntoi 

ssivtoio*niot 

SSEVIQf 0*0101 
ssiv»oio*n(o* 

SSE V(0*0*of OS 

mvioio»nfOk 
strv?oko*nrot 
stivroso»ntot 
SBEVf OSO*nfo* 

BBIV(0*0*n(10 
SBIVitOO*OHl 1 
SBtV(110*n(lt 
SBrvmo»oiii 

SBC V(1 10*0(1* 
S8EV(l*0*«(l» 
SBCV(lSO*n(lk 
SBFVHlk0*0(l> 
SBEVI1 HO*n(ll 
SBIV(1B0*0(1* 
shiv(iro*o((o 

SO(V((00»0((1 
SBEV((lo»n((( 
SBEV(((0*0((S 
SBlVt(10*0((* 
BBEV((*0»0((1 
SBEVf(SO*n((k 
SBro((fco*o(?» 
SBEv((SO»nMB 
SBEVf fBO*n((* 
SBiv(**o*nno 
SBIV(H10»n()l 
SBEVfl 1 0*0f IP 
SBEVf if  1*0(11 
SBlVIllt  *0f  1* 
SBEV(1*0*0(» 
S0EV(lSO»0(lk 
1BEVflfcO*nflt 
BBEV(170»0(1S 
SBEV(SSO*n(l* 
SBEVf l*0*n(*0 
SBEV(«00*0(*1 
SBEV(*10*0(*( 
SBEV(*?0*n(*l 

tBEv(»io*ni<» 

9BEV(**0»0(*S 

SBFV(*tO*n(«k 

SBEV(»kO*0(«t 

8BEVI«S0*n(*S 
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t“P  •  (/NPPO )/P| 

r«  •  sopt(tpppthp«pnppfmp) 

PSI.lC(l|(CBB(»A»lp»0RT(C06(|lR)pe0B(BAR)PTAN(PIP)PTAN(PAB))) 

RRPpBBl/RABtlN 

K  P  (l/An»p(PI/P0)PCO6(RAR)PCOB(PAR) 

I'  (FIC.NE.O.)  60  to  *Rt 

»»t  •  (PN6>PNP)/(  •i|pRN6»P,BpRNP) 

IIP  EtARO  •  (INpZN.CC'S(B1A).p*>p<FppFp>p(»IN(BRA).||N(BBA>) 

cp  •  »8«T<i, w(*i. nil.. pm. pp»)/fP)«m,.»M.PM)/ien>) 

<0  MPl.O 
to  8l*8*“P/»»0t»x 
6IPR1HC/B1011N 
RlPRRA/RlOtlN 

«»m  (POUt.POO#)  AL'P.ALF6.AMP,A"e»0P,O6,DRN0P,DRHO6,6l,6l, 

•  PRNP,PRNR,RBMP,A6Nt,P0NP,B0N6 

pP|TE  (POUT, POOH  PP,P6,l,A0,BBP,CP,ITAB6,'lC,Pl,Pt,PN,(N, 

•  TMP,F*P,CP 

POOP  FOPhAT  (lM|,/////Pti,ltMO  U  T  p  U  T  till  IfCTIO  N//// 
•»I,BM<PlN10N),lkX,kN{6EA«) 

•/11m  »l'P  p  ,F10,P,*X,I0MALF6  ■  ,PtO,6,tl, 

*k»N.A0DEN0U“  AN6LE  (016,1 

P/I1H  *“P  ■  ,F10,f,PI,l0MAMC  p  , F10, ft, IX, 

•k|M.«ElN  AOOf NOU“  (IN,) 

•/llN  OP  p  ,F|0,I,(X,10hD6  ■  ,'10, l, IK, 

•kIN.PITCH  DIAMETER  (IN.) 

•/llN  OPMOP  •  ,'10,$, PX« lOMOPNOR  P  , F 10,1,11, 

•klH.HIXN  PA0IU9  OF  CU»VATUP(  (|N,1 

•/llN  S1PP  I  ,F10,P,PF,10n61M6  ■  »F 10,1,11, 

•ktM.PncH  ancle  (ole.) 

*/U»  PPNP  P  ,F10,P,PI,10HPHN6  ■  <F10,i,tl, 

•klH.PtTCH  RADIUS  IN  mean  NORMAL  KCTION  (IN,) 
p/iim  pinp  p  ,rio,i,PK,inxoBNO  ■  , 'io, i, ik, 

•klH.BARE  MOMS  IN  mean  NORMAL  KCTION  (IN,) 

P/llx  PON>  ■  , ' l n , P , PI , 10HP0NG  ■  , Flo, I, IK, 

•klM.OUTIIDC  PAOlUR  IN  »MN  NORMAL  KCTION  (IN,) 

•1 

Pool  FOR-AT  ( 

P  UH  IP  P  ,F  10,6,  PI,  10MR6  p  ,F  10,1,61, 

•kIN.PITCH  MOIUS  IN  M(AN  TRANSVERSE  KCTION  (IN,) 


P/IlM  » 
•/llN  10 
P'llx  66* 
P/llN  CP 
p/UN  IT  110 

p 

• 

p/ll->  F  1C 
P/llM  FI 
*/ll«  PI 
P/llN  PN 
p/ll-  IN 
P/llN  TNP 
•/UN  F»P 
•/llN  C« 

•) 


,F10.S,10X,IIM.M{1N  CONE  D1IT1NCC  (IN.) 
.FIO.I.IOX.ITHpCONE  DIITINCE  (IN.) 
,F10,l,l01,lFH.«flN  UK  SPIRAL  1N6CE  (0(6,1 
,F10,1,I0X,ITM.M1T(PI1L  L010  F1CT0P  (»0»T (IS, 1/1N. 
,F10,1 ,10X,llM.|aUlP(  OF  TOTAL  LENQTM  OF  1CTI0N  IN 
liMNOPNii.  KCTION  / 

111 , ITHPl TH| N  C0NT1CT  ELLIPSE,  (60U1PE  IN.) 
,F 10, P, IO' , ITH.l  F 1CTOP 
•FIN, P, SOX, ITH.INEPtll  F1CT0P 

.'  10,1, !0«, ITN.F1CT0P  IN  TRINIVEPIE  C0NT1CT  RATIO 
,»10tP,  iOK,  JTN.ME1N  NOPNIL  RUE  PITCH  (IN.) 
,F10,*,!0I,)?m.UN6TH  OF  ACTION  IN  NORMAL  PLANE 
,F|fl,P,  lOX.lTM.TRANRvCRSE  CONTACT  R1TI0 
,F10,P,10X, ITM.FACE  CONTACT  P1TI0 
»' 1 n, I, 101, ITM.NOOIP  ICO  CONTACT  PATIO 


RE6IN  homSFPOnEP  LOOP  FOR  IPIRAL  REVEL  6EAP, 

■PLOOPpRPMP 
Ipo  RPnppRPlOOP 
|P|  hPp.PO 

•  PIT!  (NOuT , POD) 


fREVI«10*0IPI 
IKVIIIO*Olt« 
IRE villfpgltfc 
iREm>oportR 

SBEVIkOQPRlkl 
IREVlfclOPOlkl 
IRE  VlklOPOlkl 
IRE VlklO»nlkP 
ARE VlkPOPQINP 
RREVIkSOpplfck 
IRE VlbbOPOlkT 
RRE  VlkTOPOIkl 
9BEV!kS0»0tfcP 
R6ENIkP0*nl»0 
RREVIT00*0IM 
RREVIMOPOITI 
RRE VI7I0PQIT1 
9REVin0*0l>P 
RRiviFPo»nin 
RREVITf 0*0l'k 
SREvmOPOIFT 
RRE VITTOPOITI 

9REV(FP0»0ER0 
RREVIROO»nl«l 
RREVPRIOXIIPI 
RRE VIRIOPOIfll 
SREVIRIO»Olt« 
RBEVIRPOPqllt 
9BEVIR1 Opplik 
BBEVIBbOPOilT 
RBE VIRTOPOlBV 
SREVIBBOPOIBP 
9BEVIBP0»0IP0 
IRBEVPPDOkOlPl 
RBE VIP10*0IPI 
RBEVIPI OPHIPl 
SBE VIPI0*0IPP 
RBEVIP«0*MP1 
RBFVIPPOPOlPb 
SBEVIPkOPOlPT 
BBEVPPFOPOIPB 
RBE VIPROpoIPP 

RBEVIPPOpMOO 
RBEV1000*010I 
9BEV1010*010I 
9BEviaio»niai 
BBEVIOIOPPIQP 
RBE V10P0P0I01 
RBEVlOSOPPlOh 
SBEV lOkOPQlOT 
RBE VIOTOPqlOR 
8BEV10B0PP10P 
RBfV10P0*nl,0 
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computer  program  (cont'd) 


290 


7P7  Nu«,n 

»T  •  (HP**IOP<J,)/<»PMP*(OP/»,)> 

C 

C  SCSI*  1.00*  »n>  1«C  InoEPCnOCNT  VARIABLE  IF*, 

C 

««“■! , 

if  (unT.eo.imvj  co  to  *»o 

!«»f v«l 

if  (toiivt ,tn,tcc*«) 

IF  ( l*lNOaC  9,  I»«) 
f  F  f  |WOT,lO,tfC«»  «»«•••««* 

710  *«*«-*l 
00  111 
J»T-1 

FFF  •  *(9QPT(tTtSQ)/Ca)*(8QPT(ETt|0)/Va*7a.,MtJ) 

t>M*IIWlT)if»T 

•to  t  ni!g<),>([Ff>[FT) 

J f  (»tO)  Ml)  >00.  100 
TOO  (Tt)  •  9a*T(*tO) 

FI»9T  •  (  tIN*7N*CFF*(C09(BSt)*C08(rit>  >)/f TtS0)*7N/7, 

SttoNO  •  ((M>*7N*ET*i*8IN(B9»))/CT»9C  ) 

UO  70  •  FI»9T*<««N*Ftc*SIC0N0)*0»M0B 
170  mi  I  t«F«F.  10,  •t«9IFi(CtM»).c09(»i*> 

VIP  •  VNa(TtN(9t*)*tB9U0)*9IN(Pt»>*(TtN(l*»)/(l*TtK<StMP>>>* 
1  tBSt70)*C0S(P*»)*(la/(t*C0»CSt)»)))) 

VFO.  ■  VN*(TtN(9tR).tB9tZO)*II*F(*i»)«(TlII(iA»)/(l«SIMOT)). 

I  IB5(70>*C08(P*»>*{la/(t*COSt9tP>))) 

VF  •  VFP.VFC 

VPP  •  VNI(91‘F[PtB)*tB9(70)*(l.F(t«TtF.(6tM»))>> 

VPG  •  VN*(SlN(PtP)<189(20)*(la/(t*StMCT))> 

vp  *  vpp-vpc 

VFT  •  VFPtVFC 
VP T  a  VPPtVPC 

Vf  «  90»TIVFT**f T*V»T*V»T) 

V9  •  90RT(vF*vF»v»*vP) 

fFF»v(I,Jv9)*V9 

FFF«»(I,JVT)PVT 

VI  •  J0»T(VFP*VFP*VPP«VPP) 

VF  •  SOOT ( VFC«VFC*VP8*VPC) 

9UM  •  n,0 
no  i*o  «kpi,ioo 

•  to  •  (tT*I*CT*l«*a*KN*PN*{«N*»N*7,*CFF) )aa| 
if  (*to)  no,  no,  no 

110  9u«F  •  9u“*9a»1(PtO) 

1»o  c on 1 7 sut 

M»!Tt  (NOUT.POIS)  9U“ 

970P 

no  bum i  ■  o. 

00  170  KN. 1,100 

•to  ■  (ETtltCTtl-«a*KN»PN*(KN.*N.|a*rFF))«.) 

if  (•to>  no, no, i*o 
no  9U*F l  ■  9UM1*9QRT  f  910) 

170  CONTI NUt 

■•ItE  (NOUTa«Olk)  9U“l 
9  TOP 

no  IF  (ETM.NE.O.)  SO  TO  111 
f  Ttn.ooooi 

111  F  T lCU8aETtl*« 1 

CT7CUB  a  ETlCUB*IUH«IU>*t 
IP  •  ET1CU8/ITECU* 

mn*«T* tB9 ( t/ to) *1P *F !/ (COt (Pt») *C09 ( 0 1 • ) ) 


8BE  V  1100*0117 
BBl vlll0»nllf 
SBf V li?0*0 11 1 
S6EVlllO*nll* 
8BEVll*0*nJil 
SBCVI110*f11l* 
SBEvmO*nli7 
9BEV11 70*0918 
9BEVlllO»ollP 
S8CVll*0*o Jf 0 
SBEvl700*0Ul 

9BE V 17 10*0  IFF 
SBE  V 1770*0 17 1 
SBE  V 1710*0  97* 
SBCV17*0*01I1 
SBC  V 1710*0 17* 
SBC V17*0*01p7 
SBCV1770*017B 
SBE V17l0*017* 
9BE  V  17*0»oU0 
9BC  V 1 >00*0 1 1I 
SB(vmo*nm 
SBE  V  1170*0 1 11 
SBC  V 1110*0 11* 
9BCVll*0»nin 
SBC V1150*o 1 1* 
9BEV)1*0»0317 
SBE  V  1170*0  in 
SBCvino»oin 
SBEVlHO*ol»o 
3BEV  l*00*o 1* 1 
9BEVl*IO*ol*7 
SBEV!»70*ol*l 
9BEVl*10*r 1»» 
SBC  V  1**0*  *)  1*1 
SBC Vl*10»nl*fc 
B8EV1**0*P1*7 
BBC  V 1*  70*o 1*8 
SBC  vl*IO»n 1*P 
SBEVl*PO*olCO 
SBEV1100»mil 
SBEV1110*ol*7 
9BEV11?0*olsi 
sBEvmo*oii» 

9BCVlt*0*nn* 
SBEV 1110*0 11* 
SBE VII *0*0317 
BBEVlS70*nlSB 
SBC  VIII 0*0 11* 
SBEVl!PO*o1fcO 
SBE  V 1*00*0 1*1 
SBCVl*10»01*7 
SBEVl*7D*03kl 
8BEVlfc!0*Olh“ 
9Brvi**o»ni*i 
SBEV3*10*01k* 
SBC Vlfck0*0 1*7 
SBE V 1*70* 0 3*1 
5BEV]blO*01*P 
86CVlb*Q»0170 
SBCV1700*0171 
SSEV1710*0177 
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wv 


SC  ■  Fa.J«„C(IS(SSl)tfCT»l/ET»SO) 

iss  cff»yu.J«o>*«* 

•HO*  *  (■**3IMFI*n/<C09(B3*>*C0S(BS*)) 

•  hoc  •  (•e*!H(***))/lCOS<SI»)»CnS(«S*>) 

•HOI  •  »H0**10 
•HOf  *  »H0C»/0 

•HOF  •  »llf(»H0l*»M0F)/(»H0;*»H0t)) 

is*  o  •  r**ss*r((*>o/(*H0t«s6n 

oofc  •  »t»mi!n(f»»>*t»mi»»>> 

»tF  1  ■  »t»M***/v>») 

M.F|  *  SYlktVBC/VFC) 

*3  •  SC/I, 

os  ■  (i,/(*i*c**c*i )»a*»Hoi 

01  •  l,*Sa*T((t],t9,*S>BS)/(«S*<S*(SlH(tLF|«0HCC))**r«SS*SS 

i  •(cos(*tFi»o*<ec)i*««)) 

01  •  I, *3W*T  ((19«*3*BS*BS)/(*S'>*S*(3lN(AtFV*0HCCl)**l*SS*SS 

i  «(coi(<LFf*oH(cn«*tn 

8OT*a*.|Q«T(Y|/0|)»*C"S0«U VI/011 
sis  fF**Y(!,json«*oT 
TFF*Y(1,J»N)*«hOC 

CFF«*(1, JSliO 

MMY(t.Jia)i|i 

IF  (M*0,*(,H*)  CO  TO  III 
NU*«NOH*l 

H*ITf  (»muT,*01*t  MiH,IFF,yS,VT,vi,»*,lO,S*,»HOI 

in  continue 

NUM*0 

C*ll  F»£TN  (f  FltCY,**,  JVB,  JFB,  JON, JMD,T8,*HEIV,T|**fF*l,FB|,TC0N' 
1  |H,»*,*S»,«,»*(*,»»D1»H#C»H*) 

«*ITC  ( NOyT ,*017)  H*,«T(*Hl»y,TS,»*n* 

"•!TF  (HOOT, *011) 

00  *10  1*1, HH 

r»frt«»T(ii«Ti 

VS*IFF«T(I,JV|) 

VT»fFF»r(|,JvT) 

F*fe*iFF«Y«i,j/‘n 

*HFa|FMY(I,J*h) 

■•■eFMYUtjNO) 

|M(FMV(|,F|I) 

SOTaCFF*Y(I,JSOT) 

O*iFF»Y(I.J0> 

■HOf»|FF»Y(I#J»H) 

if  {O.CT,io,,o»,n,io,io,i  go  to  ib* 

F»IC*0. 

*HEaO. 

0*0, 

IS*  0(LT  •  (,S*«0*FRlC‘VS)/a0T 
1*1  CT€mMTS«OFLT 
*10  *UM*NUH*1 

■•IT|  <NOUT,*Ol«)  *U“.fFF,0FI.T,CYt*<*,*«(,O,F»Ic,*M( 

*10  CONTIhuI 
**0  CONTIMI/I 

IF  CO  TO  SOD 

I«»tv»t 

CO  *0  l|0 
*00  H*«M*«HItlC 

IF  TM*,U  ,H*H»)  CO  TO  1*7 
•*Hpaa*M*««ID( 

IT  /•»»•. IF, ■*•'«)  CO  TO  l*S 
CO  TO  100 

CO"  ««T>C  (HOOT , *011) 


BBEVI7I0»P171 
IBCVITI0*OS7« 
SBF«l7«0»nm 
SIEV17t0»Pl7fc 
8IEVI7kO»OS7! 
SBEV1T70*0S7I 
SIC  V  >710*017* 
9BCVI7*0*0IB0 

mvnoe*om 

SBCVlB10»Olir 

si[Y>no»om 

SB(V1BI0*0II* 

SBC Y3l*0*n||S 
SBCvllt0*01Bfc 
SIIVIIkO*PlB7 
SBC  V 1170*0  IBB 

sbcv>i*o*pi*o 

3BEYI*00*0l*l 

SBCVI*10*nl*t 

8BCV1**0«PI*1 

S6CVI*10»nl*« 

Sbevi**o*oi*s 

SBC Y3*S0*O l*k 
SBE'USk  0*01*7 
ssevi*7o*ns*B 
mvi*io»os** 

SBCVI**0>0»00 

IBCV*000«P»01 

sbcv*oio*o*oi 
bbf.y<oio»o*oi 
sac /»oio*n*o» 
SBC  V*0*0*0*OC 
f  ■>CV*nS0*O*0k 

S0£V*0k0*P»07 
8SCV*070*"»0I 
SBC V*OSO*n* 0* 
SIFV*0*0»n* 10 
BBEV* 100*0* 1 1 
SBEV»11D*0»1* 
SBEV»llO»n»ll 
SBCV»UO*n»l» 
SBEY*1*0*0»1S 

90CV»lC0*n»lk 

SOEV*lkO*P* l 7 
BBEV»170*o*lB 
8BCV*IIO*0*1* 
SBC  V«1*0*0*I0 
SBEV»I00»P»I1 
SBC  V*I10*O*?I 
SBEV*l?0»0»IS 
SBEV»I10*"»I* 
SBC V*(«0«O*IS 
SBCV»ISO»n*lk 
9BEv*lkO«n**7 
SBCY»l»0*'’»#B 
98FV»II0»U*<* 
BBC  V*S*0*n*  SO 
8BCV»loo*n*il 
SBC  V*  C10*n*  II 
SBC  V* 110*0* II 
SBC  V* 110*0* *« 


V 


A 


Figure  J-2,  Listing  of  spiral  bevel  gear 
computer  program  (cont'd) 
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smt  SBEvoioo»no)t 

0011  >n».ii  1 1 « i / / // / k i , k »m  v«Mi««us  c»lCul»teo  isderenoent  of  -nRSEROSBEvoito-ooik 

•  •to  (Isc-ES  FSO  Is./SEC  I///OI,  1-EFF  ,  1  H.E-VS,  1 1  l.ExvT,  1  H.E-vl ,  SBCVO)k0»OO)E 

•  > 1 1 i,f-:o,  1 ii.e-sr, in«, •mumoe/j  sbevo iso-ooii 

ooto  *o«  ft  <  n,  IE,  i-,,fi,s(E  10,  i,  in)  SBE voi»o-nois 

o'Ms  row  ■»»  is»-  *nuf  of  inoei  «s  is  colculftios  ot  et»e  -»s  ciceeoed.shf  vo»oo*nooo 

l  o»-  »LR-»  l  I  - 1 T  OF  I  oo  .  SERIES  Su»  OF  ino  TERMS  •  ,  SBE  voo00»0«*l 

E  fo.o)  SBE vooio-ooo* 

onto  »nu»r  (sox  vituf  nt  loot i  «s  |s  c»lCuL*tion  0'  E»fe  -is  EiCEE DEO, SBE vooEO-nool 

1  •»-  SIT*  l!“I»  of  inn  •  SERIES  Su“  OF  inn  TERMS  •  .  SHE V»* 10-0»»o 

i  »«,•)  SBE  vooon-pooS 

ooi>  i  mw  M-1  ///// II, F  »,!,  |0M  •  xnxSIFOot  R/  SHE vooso-oook 

•  l«, Fin, I, II-  o  «T,  lb,/  SBEvookO»ooo» 

•  II, E 1", 1, 10-  •  R-E»y,  BTU/St C , /  SHEVOoEO-pool 

•  H,»in,F,i»-  •  TS,  DEC,  '/  SBE v»o»o-"»oo 

•  11, F in, 1 , 10-  •  R IS  I  OS  ROM/)  SBE vooOO»P*SO 

on  i  o  F08-IT  (S  H,  0— »I,-|RT/,  |SI,  1-R-f /0«,  1-FFF  ,01,  o-DT,F,SI,  SEIF  VO  SO  0*0  0  S 1 

.  ixCTf-R,',Fv,Sxns,Ln,«i,in-STRESS,RSl,ki,*xFR!C,  SBE  v*S 10-no SE 

•  si,  TxB TU'SE C / )  SBfvosEO-nokl 

SOEE  FO»x»T  (  EE-lf  SO  OF  INPUT  PROHlE-S)  SBE  vOS  30-00*0 

00  1  0  «n»,|l  ( II, IE,  l-,,El,E  I0,1,ov,fs,i,sV,F§,i,sv#F|,1,1I,E0,  1,0V,  SHE  v*SO  0- noSS 

•  >S,o,oi,Co,»)  S«FvoSSO*OOSk 

ESP  SHE  *oSbO-no»> 

Subroutine  FRCTh  (FFFMv,  — .JvS.jFu, JR-, JnO, TS.RmE F V, TEmr,  r-CTNOOO-noSB 

1  F0| ,F RJ, TCOS,  JS, »R, BS*,-, RSR.RFOI IN.ttiMF)  ESC  TS010— OOkO 

01-f.Stns  fFERv(in,|fll  FscTsoFO-nokO 

no  in  lot, mo  FBcTso»o-nokl 

tU'Fti, ( I ,  Jnol  F -CTsoiO-nok? 

IF  <nx,sr, 0,1  CO  TO  S  FRCtSOkO-nOkl 

EOICOU,  F«r Tsn»o*nok» 

oo  rp  11  FRCTSOBO— nokS 

S  VSO  < E  E  F U»  (  I  ,  J vS)  1  FRCTS0*0-"Okk 

«,S»n*(vS« •(•!,/!,))  FRC1 SI  00-no yE 

IF  fnvS.LT.E00,)  CP  TO  It  FRC  T  SI  1 0-"»k» 

FRlpcFU,  FRCTS1E0— OOkO 

W  to  i'  FRCTN1 10-no FO 

IS  FHlcaFREo(*vS«o(«.10T)  FRC  TNI  0  0— 00  El 

EE  P-E  »  FP!C.«S.vS/01ik,  FRC  TNI  SO— 00  EE 

EFF»V(  |,JR-)bR-E  FRCTNlkO*OOEl 

f FFP*(|,JFR)oFRIC  FRCTSJEO-OOEO 

in  rnsflMjE  FRC  TNI  oo— no  Ek 

»"f»  o  n,  FRCTN101— nOEk 

00  TS  1 » 1 , —  FRCTN10»*poS» 

P-E  t«P-ET.(EFf  ■'(  t,  Jp-T«EFFRV(  I*  I  ,  JP-)  )  FRCTN10J-00EI 

IS  CONTINUE  FRCTNiOO— 0»E0 

p-E  iv  •  (P-ET/(E,o-)1oRE'R*7N*C09(BSk)/(RB*Rk0!tN* JkO.oCOSlGFMR) )  ERCTSlOS-roBO 
T  So  (  TCOSo  (  (R-t  k  V  )  *• ,  RO )  )  —  T  F  — R  FRCTNflC  — nokl 

«ET  iFv  FRCTNEEO-nofE 

F'iO  FRC  TNi  30-00  •  i 

»no*o 


Figure  J-2,  Listing  of  spiral  bevel  gear 
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Figure  J-3.  Sample  spiral  bevel  gear  computer  printout 


V 


~  x 

m  X 

•  M  Jt 

~  *  M  X 

•  mm  S 

J  •'*«  B 

mx  o  o 

MMj  «•  X 

«o*-  «  *» 

X  MW  «x  • 

OX^Mt  X  MX  o 

M  o  U  •  M  M  M 

m  mm  xx  ►-  m 

W^«y  "OM  X  X 

M  W  U  •  tM«  x  4 

/MM JB  J 

•  4W  *JU3  ►-*"»*, 

M  J  t  >  I»w4  •  Cl  • 

m  4  JB«  *J»-  •  41  J 

I  402  OBC  w  HM4 

I  ss1:-:  -ss .  ns 

3  X  O  X  *-  X  WwtW  WSO»-  O 

#•  c  t4  M  J  0X4  M 

•  x  w  x  w  uiat  mi ►  x  •- 

a  m  •>  x  x  S  x  mxoxm  »~x  x 

M  *XXmmX  MM  «4»*W  J  XX.MMOX 

0«m3  •lltZlUX  U  JJ  W  Mm 

MHWOO  «M  XM04  W  >WX4*-»- 

M  ^B  M  S  M  X  •  M  S  J  ^  X  ►  BMMIK4 

5*  xOm^mD*^  •»«!  mom  O  OXXMO  m 

x3»>  x  M»MU1 404  9-m  uw»-  < 

X0«MIW3«090<n0»>»-  J4  uo 

4X1 3 JM9XM  4  J  B  X  X  M4U 

SX  ~<J  a  M«c  O  W»~  X  40  4XI4»»* 

MOB  40  4  244JOWB  MXOXXO 

20044B  4WB  Om44  OX  O  MOM 

x  x  m o  ooxmm x^mxx x >mm 

X  X  XX  MX  IKNUhO  4 

OX4-X»**«»-4>4S4»>3»-4WUXX4VlO 
414I444041U1I4B4 (4WWB4Q 

o#04«r 040 

4  <4rfl  f* 

X  m  x  tm  m  m  m» 

x 

M 

X 

M 

4* 

V* 

O  0(1044 

t/ciUiSo 

440004 XXX 
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Figure  J-3.  Sample  spiral  bevel  gear  computer  printout  (cont'd) 
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Figure  J-3.  Sample  spiral  bevel  gear  computer  printout  (cant'd) 


I 


S»  WdtklMUMMuiMMWMklkiiilMWWW 

«•«  r  -«»  w  ••*«»»  g  • 


w <v « 


*- m.  aoaoo«o»»oo»ooooo  o  o 

•t  •  ♦♦♦♦♦♦♦♦♦♦  ♦  *  ♦♦♦♦♦♦♦ 

fcl  m  WMWAIMWlttUWWMWyWWMlMUl M 

z  m  «i^«orS«4i 


M  K 

25 


«  ?S3S2S JJ555225S %2S? 


t  s:s;:s:::sssu; 


>  •  •« 

O  •  «* 

S32SS 

U*¥«i 


•  ***>*» • *  mm m »•***< 


f 

ssssssssss 

ss:::;:::; 

WMWMWWWM4IM 

«Mratap**£!i» 

•  ••  ?  ^ 

9  J  1  *Q 

r535SS2552St; 


297 


Figure  J-3.  Sample  spiral  bevel  gear  computer  printout  (cont'd) 


APPENDIX  K 

CALCULATION  OF  AVEF-AGE  FRICTIONAL  POWER  LOSS 


As  explained  in  Chapter  VII,  Section  B,  the  average  frictional 
power  loss,  <j>av»  for  a  gear  set  is  derived  basically  from  Equation 
(72).  However,  due  to  the  way  the  analyses  were  made  (Chap.  VII, 

Sect.  D,  E,  and  F),  the  detailed  computing  procedures  differed  for  the 
three  different  gear  types.  These  computations  will  now  be  illustrated 
by  reference  to  the  three  specific  gear  types  examined  in  Chapter  VIII, 
the  computer  printouts  for  which  at  600  hp  were  presented  in  Appendixes 
H,  I,  and  J. 

Spur  Gears 

For  the  ground  spur  gear  set  operating  at  600  hp  under  the  con¬ 
ditions  stated  in  Chapter  VIII,  Section  B,  the  instantaneous  f,  W,  Vs, 
and  <t>'  values  vs.  the  pinion  roll  angle,  €  ,  as  given  in  Figure  H-3,  are 
summarized  in  Table  K-l.  Contact  line  positions  1  through  7  repre¬ 
sent  a  double  tooth  contact  region  with  Aej  =  20.08  -  14.68  =  5.40°, 
divided  into  6  equal  intervals.  Contact  line  positions  8  through  17 
represent  a  single  tooth  contact  region  with  =  26.29  -  20.08  = 
6.21°,  divided  into  9  equal  intervals.  Contact  line  positions  18  through 
24  represent  a  double  tooth  contact  region  with  AC3  =  31.70  -  26.29  = 

5.  41°,  divided  into  6  equal  intervals.  Note  that  at  any  contact  line 
position, 4>'  =  fWV8/9336  as  tabulated. 

Because  the  roll  angle  intervals  into  which  Acj,  AC2»  and  Afj 
are  divided  are  not  of  equal  magnitude,  the  integration  of  the  (j)1  vs.  € 
curve  is  made  separately  for  each  region  and  summed  as  implied  in 
Equation  (72),  so 


^  J  <j>  '(c)  dc  =  Areai  +  Area2  +  Area3 


-  hj  Ac^  +  b.2  AC2  +  I13  Af  3  (K-l) 


where  hj,  h2,  and  113  are  the  average  heights  of  the  <j>'  vs.  e  curves  in 
regions  1,  2,  and  3.  Using  the  trapezoidal  rule  for  integration  in  the 
computer  program,  one  may  write 
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TABLE  K-l.  INSTANTANEOUS  VALUES 
(GROUND  SPUR  GEARS,  COO  hp) 


Contact  line 


€, 


W, 


Si 


position 

deg. 

f 

lb 

ips 

Btu/sec 

*  1 

14.63 

0.  022379 

468.8 

294.81 

0.  3313 

2 

15.  58 

0.019895 

668.4 

263.46 

0. 3752 

3 

16.48 

0.017596 

964.9 

232. 12 

0.4221 

4 

17.  38 

0.  016400 

1313.0 

200.  78 

0.4631 

J  5 

18.28 

0.  016400 

1665.7 

169.43 

0.4957 

6 

19. 18 

0. 016400 

1902.2 

138.  09 

0.4614 

7 

p 

20.  08 

0. 016400 

2068.9 

106.  74 

0.  3879 

l 

8 

20.  08 

0.  016400 

2795.7 

106.  74 

0.5242 

9 

20.  77 

0.  016400 

2795.7 

82.73 

0.4063 

1  10 

21.46 

0.  016400 

2795.7 

58.  71 

0.2884 

11 

22.  15 

0.  016400 

2795.7 

34.70 

0. 1704 

12 

22.  84 

0. 016400 

2795.7 

10.69 

0.0  '5 

13 

23.  53 

0.  016400 

2795.7 

13.  33 

0.0655 

|  14 

24.  22 

0.016400 

2795.7 

37.  34 

0.  1834 

15 

24.91 

0.  016400 

2795.7 

61.  35 

0.  3013 

16 

25.60 

0.  016400 

2795.7 

85.  37 

0.4193 

17 

i 

26.29 

0.  016400 

2795.7 

109.  38 

0.5372 

1  18 

26.29 

0. 016400 

2326.9 

109.  38 

0.4471 

19 

27.  19 

0.  016400 

2127.4 

140.73 

0.5259 

\  20 

28.  09 

0.016400 

1830  9 

172.07 

0.5534 

1  21 

28.99 

0.  016400 

1482.8 

203.41 

0.5298 

22 

29.  89 

0.  016800 

1130. 1 

234.  76 

0.4774 

23 

30.79 

0.  018253 

893.6 

266.  10 

0.4649 

24 

31. 70 

0. 019637 

726.8 

297.45 

0.4548 
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( 


h  =  -— ■ 


1_ 

2n 


£  (4>J  +  <t>i+  l) 


i  =  1 


(K-2) 


where  n  =  number  of  elemental  intervals 

<j>!  =  <j>'  value  at  the  beginning  of  interval  i 

4>!  +  i  =  4>'  value  at  the  end  of  interval  i 
Applying  Equation  (K-2)  to  the  4>'  values  in  Table  K-l,  one  obtains 


4  =  2^6  +  ^<j>2  + . +  2«*>6  +  4>y)  =  0. 42952 


h2  =  2  x  9  ^8  +  2$9  + . +2$16+<1>17)“  °*  2^8^4 


l3  ~  2^6  ^18  +  2<^9  + . +  ^23  +  ^24)  "  °*  50039 


and  Ax  =  hx  Acx  =  0.42952  x  5.40  =  2.  31941 

A2  =  h2  A^2  =  0.26864  x  6.21  =  1.66825 

A3  =  h3A€3  =  0.50039  X  5.41  =  2.70711 


Thus,  by  Equation  (K-l), 


£jV(€)dc  =  Ai  +  A2  +  A3  =  6.69477 


and  by  Equation  (72)  and  noting  that  Np  =  31, 


4> 


av 


£j>U)  dC 


360 


300 


6.69477  x  31/360 


=  0.  5765  Btu/sec 

which  compares  with<j>av  =  0.  5763  Btu/sec  given  in  the  computer  print¬ 
out  (Fig.  H-3)  and  tabulated  in  Table  8  (Chap.  VIII);  the  slight  numeri¬ 
cal  difference  is  due  to  the  rounding  off  of  significant  places  in  the 
calculation  given  herein. 

Helical  Gears 

For  the  helical  gear  set  operating  at  600  hp  under  the  conditions 
stated  in  Chapter  VIH,  Section  C,  the  instantaneous  f,  W,  V8,  and<j>" 
values  vs.  the  contact  line  position,  taken  from  or  calculated  from  data 
given  in  Figure  1-3,  are  summarized  in  Table  K-2.  Note  from  Chapter 
VII,  Section  E,  that  in  order  to  obtain  the  value  of  at  any  contact  line 
position,  the  contributions  of  the  several  "elemental  spur  gears"  on 
this  contact  line  should  be  summed  up.  For  example,  referring  to  con¬ 
tact  line  position  3  in  Figure  1-3,  this  contact  line  is  divided  into  four 
elemental  spur  gears  at  a  total  normal  load  of  766.  79  lb,  or  at  a  normal 
load  of  766.79/4  =  191.7  lb  for  each  elemental  spur  gear.  Therefore, 
the  elemental  contribution  to  4>"  at  this  contact  line  is,  from  data  given 
in  Figure  1-3, 

4>'j  =  (0.0207  x  191.70  x  145.14)/9336 

+  (0.0203  x  191.70  x  118.  82)/9336 
+  (0.0198  x  191.70  x  92.49)/9336 
+  (0.  0191  X  191.70  x  66. 1 7)/9 336 
=  0.  0616  +  0.0494  +  0.0375  +  0.0260 

=  0. 1745  Btu/sec 

where  the  quantities  0.  0616,  0.  0494,  0.  0375,  and  0.  0260  are  given  in 
the  computer  printout;  but  their  sum,  4*3  =  0.1745  Btu/sec,  is  stored 
in  the  computer  program.  If  this  process  is  repeated  for  all  contact 
line  positions,  the  appropriate  values  of  4>"  will  be  as  in  Table  K-2. 

To  calculate  4>av,  it  is  convenient  to  transform  Equation  (85)  to 
the  form 


TABLE  K-2.  INSTANTANEOUS  <|>"  VALUES 
(HELICAL  GEARS,  600  hp) 


Contact  line 
position 


r, 

Btu/sec 


1 

0 

0 

158.  31 

0 

2 

0. 0253 

380. 19 

131.98 

0.  1359 

3 

- 

766. 79 

- 

0.  1745 

4 

- 

1150.  19 

- 

0.  1837 

5 

- 

1  533.  59 

- 

0.2038 

6 

- 

1900.  95 

- 

0.2580 

7 

- 

2216. 85 

- 

0.  3397 

8 

- 

2216. 85 

- 

0.  3397 

9 

- 

2216. 85 

- 

0.  3397 

10 

- 

2216. 85 

- 

0.  3397 

11 

- 

1900.  95 

- 

0.2517 

12 

- 

1  533.  58 

- 

0.  1850 

13 

- 

1150. 19 

- 

0. 1556 

14 

- 

766. 79 

- 

0. 1528 

15 

0.0250 

380.  19 

119.  81 

0.  1222 

16 

0 

0 

146.  13 

0 
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Nr 


4>av  =  <h  Ac>  -£l 


360 


(K-3) 


where  h,  the  average  contribution  for  a  pair  of  teeth  as  contact  moves 
across  the  plane  of  action,  is,  by  applying  Equation  (K-2), 


1 


U  =  1 


775  (+1  +  2*2  + . +  2*  15  +  ♦lV 


=  0.2121  Btu /sec 

Now,  the  angle  through  which  the  pinion  turns  as  contact  moves 
across  the  plane  of  action  is,  from  Equation  (86), 


Ac 


2Z  .  1_80 
db  IT 


=  2  x  0.  45422  .  1U0  _  14  7262„ 

3.53450  ff 

Substituting  the  calculated  h  and  Ac  into  Equation  (K-3),  and 
noting  that  Np  ~  31, 

4>av  =  0.2121  x  14.7262  x  31/360 
=  0.  2690  Btu /sec 

which  is  the  value  given  in  the  computer  printout  (Fig.  1-3)  and  tabu¬ 
lated  in  Table  10  (Chap.  VIII). 


Spiral  Bevel  Gears 


For  the  spiral  bevel  gear  sat  operating  at  600  hp  under  the  con¬ 
ditions  stated  in  Chapter  VIII,  Section  D,  the  instantaneous  f,  W,  VB, 
and4>"  values  vs.  the  contact  line  position,  as  taken  from  Figure  J-3, 
are  summarized  in  Table  K-3. 


To  calculate  4>av,  it  is  convenient  to  transform  Equation  (88) 
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TABLE  K-3.  INSTANTANEOUS  <j>"  VALUES 
(SPIRAL  BEVEL  GEARS,  600  hp) 


Contact  line 

w, 

V8. 

position 

f 

lb 

ips 

Btu /sec 

1 

0 

0 

89. 14 

0 

2 

0.0250 

411.  3 

79.16 

0.  0872 

3 

0.  0201 

1008.6 

6?.  55 

0.  1510 

4 

0.0201 

1620.4 

60.  02 

0.2094 

5 

0.  0201 

2217.8 

50.  53 

0.2413 

6 

0.0201 

2807.  0 

41. 07 

0.2482 

7 

0.0201 

3402. 0 

31.63 

0.2316 

8 

0.  02  1 

4011. 6 

22.20 

0.  1917 

9 

0.  020i 

4617.2 

12.79 

0.  1272 

10 

0. 0201 

5098.2 

3.40 

0.  0373 

11 

0. 0201 

5135.0 

5.98 

0. 0661 

12 

0.0201 

5098.2 

15.  34 

0. 1684 

13 

0. 0201 

4617.2 

24.69 

0.  2455 

14 

0. 0201 

4011.6 

34.03 

0.2939 

15 

0. 0201 

3402. 0 

43.  35 

0.  3175 

16 

0.  0201 

2807.0 

52.65 

0. 3182 

17 

0.0201 

2217.8 

61.93 

0.  2937 

18 

0.0201 

1620.4 

71.18 

0.2483 

19 

0.  0201 

1008.6 

80.  39 

0. 1 746 

20 

0.0253 

411. 3 

89.53 

0. 0999 

21 

0 

0 

98.29 

0 
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again  to  the  form  of  Equation  (K-3)  given  previously  for  helical  gears. 
Thus 


h  =  -L 


1_ 

2n 


£  (<t>i  +  4>i' +  i ) 


i  =  1 


1 


2  x  20  VY1 


(<}>.  +  24>,  + 


+  24>20  +  <j)21) 


=  0.  1877  Btu /sec 


Now,  the  angle  through  which  the  pinion  turns  as  contact  moves 
across  the  plane  of  action  is,  from  Equation  (89), 

Ac  =  Z  .  180 
A  sin  y  it 

Zn  cos  .  180 
A  sin  y  it 

_  0,53141  cos  (31.99975°)  .  180  =  1 7  2255° 

2.  16863  sin  (43.  72697°)  it 

Substituting  the  calculated  h  and  Ac  into  Equation  (K-3),  and 
noting  that  Np  =  22, 

4>av  =  0.1877  x  17.2255  x  22/360 
=  0.  1975  Btu / sec 

which  is  the  value  given  in  the  computer  printout  (Fig.  J-3)  and  tabu¬ 
lated  in  Table  12  (Chap.  VIII). 
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LIST  OF  SYMBOLS 


B 

b 

b 

C 

C 

c' 

Co 

C' 


D 

d 

°b 


addendum,  in. 

major  semiwidth  of  Hertzian  ellipse,  in. 
minor  width  of  Hertzian  rectangle,  in. 
dedendum,  in. 

minor  semiwidth  of  Hertzian  ellipse,  in. 
center  distance,  in. 

fitting  constant  in  (Ts  -  Tj)  vs.  <}>  equation  for  disks 

fitting  constant  in  ( r8  -  Tj)  vs.  <j>av  equation  for  gears 

fitting  constant  in  (T0  -  Tj)  vs.  «}>  equation  for  disks 

fitting  constant  in  (TQ  -  Tj)  vs.  <J>av  equation  for  gears 

specific  heat  of  gear  material,  in./*F 

specific  heat  of  oil,  Btu/lb-*F 

pitch  diameter  of  gear,  in. 

pitch  diameter  of  pinion,  in. 

base  diameter  of  gear,  in. 

base  diameter  of  pinion,  in. 

outside  diameter  of  gear,  in. 

outside  diameter  of  pinior.  in. 

Young's  modulus,  psi 
Equivalent  Young's  modulus,  psi 
angular  misalignment,  deg 
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LIST  OF  SYMBOLS  (Cont'd) 


f; 


e 


e 


a 


r  ee 


ef 


Fi 

f 


G 


m 


Ki 

Kv 

k 

k 

L 

I 

M 


mc 

mf 


pitch  error,  in. 
apparent  tooth  error,  in. 
effective  tooth  error,  in. 
effective  pitch  error,  in. 
face  width,  in. 

dynamic  normal  tooth  load  increment,  lb 
coefficient  of  friction 
gear  ratio 

minimum  EHD  film  thickness  without  side  flow  and  inlet  - 
shear  thermal  corrections,  jiin. 

minimum  EHD  film  thickness  with  side  flow  and  inlet-shear 
thermal  corrections,  jiin. 

inertia  factor  (AGMA) 

dynamic  factor  (AGMA) 

thermal  conductivity  of  gear  material,  lb/°F-sec 

thermal  conductivity  of  oil,  Btu /ft- 0 F-sec 

total  length  of  lines  of  contact  for  all  tooth  pairs  simulta¬ 
neously  in  contact,  in. 

elemental  segment  on  a  line  of  contact,  in. 
sliding-to-sum  velocity  ratio 
transverse  contact  ratio 
face  contact  ratio 
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LIST  OF  SYMBOLS  (Cont'd) 


load  sharing  ratio 
modified  contact  ratio 
total  contact  ratio 
number  of  teeth  in  gear 
number  of  teeth  in  pinion 
rotative  speed  of  gear,  rpm 
rotative  speed  of  pinion,  rpm 
diametral  pitch,  in.”* 
power  transmitted,  hp 

actual  sco ring -limited  power-transmitting  capacity,  hp 
ideal  scoring -limited  power-transmitting  capacity,  hp 
pressure,  psi 

transverse  circular  pitch,  in. 
transverse  base  pitch,  in. 
normal  base  pitch,  in. 
equivalent  radius  of  curvature,  in. 
surface  roughness,  ^iin.  rms  (AGMA) 
dynamic  factor 
misalignment  factor 
temperature,  °F 


torque,  in. -lb 


LIST  OF  SYMBOLS  (Cont'd) 


'  cr 


T. 

J 


s 

AT 


vg 

VP 

Vs 

Vt 

vt 

w 


w 


wt 

z 


maximum  instantaneous  conjunction  surface  temperature,  °F 

critical  temperature,  °F 

oil  jet  temperature,  °F 

conjunction-inlet  oil  temperature,  °F 

quasi-steady  surface  temperature,  °F 

maximum  instantaneous  conjunction  surface  temperature 
rise,  °F 

surface  velocity  of  body  1,  ips 
surface  velocity  of  body  2,  ips 
surface  velocity  of  gear,  ips 
surface  velocity  of  pinion,  ips 
sliding  velocity,  ips 
sum  velocity,  ips 
pitchline  velocity,  fpm 
normal  tooth  load,  lb 
unit  normal  tooth  load,  ppi 
dynamic  normal  tioth  load,  lb 
tengential  tooth  load,  lb 
unit  tangential  tooth  load,  lb 

length  of  path  of  contact  in  transverse  plane,  in. 
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LIST  OF  SYMBOLS  (Cont'd) 


pressure-viscosity  coefficient  of  oil,  psi"^ 

Blok's  thermal  coefficient  of  gear  material,  lb/° F-in.-sec 
pitch  angle  of  gear,  deg 
pitch  angle  of  pinion,  deg 
profile  modification,  in. 

composite  surface  roughness  of  one  surface,  fiin.  AA 

composite  surface  roughness  of  mating  surfaces,  flin.  AA 

initial  composite  surface  roughness  of  mating  surfaces, 
in.  AA 

normal  tooth  deflection,  in. 

roll  angle,  deg 

load  angle,  deg 

EHD  film  thickness  ratio 

absolute  viscosity  of  oil,  cp 

kinematic  viscosity  of  oil,  cs 

Poisson's  ratio  of  gear  material 

density  of  gear  material,  lb/in. ^ 

density  of  oil,  g/mf 

radius  of  curvature  of  gear  tooth,  in. 

radius  of  curvature  of  pinion  tooth,  in. 

pressure  angle,  deg 


-* 


z 


310 


Mm 


4> 

4> 

*n 

* 

*b 

*b 

C0„ 


av 


co. 


LIST  OF  SYMBOLS  (Cont'd) 

frictional  power  loss,  Btu/sec 

average  frictional  power  loss,  Btu/sec 

pressure  angle  in  normal  plane,  deg 

helix  an  le,  deg 

spiral  angle,  deg 

base  helix  angle,  deg 

base  spiral  angle,  deg 

angular  velocity  of  gear,  rad /sec 

angular  velocity  of  pinion,  rad/ sec 


! 

t 
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